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Abstract
Mountain bike suspensions systems are set up and tuned based only on qualitative, ‘feeling’based metrics. The MTB DAQ, sponsored by Dr. Joseph Mello with the Cal Poly Mechanical
Engineering Department, is a data acquisition system we developed to improve suspension
tuning with a data-driven approach. The system mounts to a bicycle frame and has sensors that
measure vibration and travel speed to characterize the bike’s motion. While similar systems
exist, they cost in the thousands of dollars range and are very specific to individual bike
geometry. Our system was designed to be more affordable to the average rider as well as
generalized to many bikes and easy to set up. From our preliminary field testing, we found
promising results from data collected with our system at different suspension setups. Future work
can be done to collect more data and improve the processing algorithms, allowing a rider to
simply plug in data from a ride and receive a recommended change to their tuning setup.

Introduction
Mountain bike suspension systems have several adjustable parameters: rebound, compression,
and pressure. These all can be ‘tuned’ to alter the performance of the suspension, such as how
quickly it will compress in response to force or return after compression. These parameters are
set by the riders based on feeling, but many riders might not know what each setting does or
what level to set them at. Our device is meant to improve the setup process by providing riders
with data from their individual rides, which can be used to in a quantitative way to optimize their
suspension systems.
The device is based on work from a former master’s thesis project by Cal Poly mechanical
engineering alum Steven Waal. He created the original data acquisition unit to measure and
model suspension systems on bikes. We started out with the intention to use his product to
develop code and algorithms which generate tuning recommendations. However, as our project
progressed, we ran into many unexpected issues preventing us from testing as planned. This
resulted in our project’s scope changing from a focus on algorithm development to redesigning
and improving the data acquisition system itself, adding additional sensors and functionality
while identifying and fixing bugs.
This report documents the research, conceptualization, manufacturing, and testing of this project.
It also details further work which needs to be done to make this a viable product. The report is
composed of four main sections, based on our interim reports created for our sponsor. The Scope
of Work describes the background research of our project, our problem definition, and initial
planning. The Preliminary Design Review details the conceptualization and prototyping phase of
the design process. Critical Design Review section shows our system design before
manufacturing, as well as our plans to manufacture and test the project. Finally, the Final Design
Review section shows our most updated version of the design, manufacturing results, test results,
and further discussion of our project.
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Abstract
This document outlines the preliminary work necessary to continue the development of a
mountain bike suspension tuning tool. The development of this existing device will be performed
by a team of mechanical engineers who are attending California Polytechnic State University, San
Luis Obispo. This team will be working under the guidance of Dr. Joseph Mello. The work on this
device will consist of refining the design, building a new unit, and testing on California’s Cuesta
Pass. The goal is to refine the device to a more user-friendly product that generates performance
metrics leading to suspension recommendations for the user. In this document, one can find
background research, objectives for the product, and a plan to make further progress on the design.
The key results of this document are the state-of-the-art investigations section, engineering
specifications table, and next steps section.
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1. Introduction
The suspension on a mountain bike (MTB) is crucial to its performance. It allows the rider
to safely land jumps and go over small obstacles. Most modern mountain bikes have two shockabsorbing components: the ‘fork’ above the front tire, and the rear ‘shock’ below the seat. Though
they look different, both have a spring and a damper component. The spring provides a resistive
force in response to an applied load, and the damper helps to smooth out the forces experienced
by the rider. The stiffness of the spring and damper is variable on most bikes, allowing the user to
increase or decrease them to their liking. The purpose of this project is to enable the user to use a
data-driven approach to better tune mountain bike suspensions.
The foundation of this project is based on a master’s thesis project, which will be described
more thoroughly in Section 2.1. It is sponsored by Dr. Joseph Mello, a mechanical engineering
professor at Cal Poly SLO. The team consists of four mechanical engineering students completing
their bachelor’s degrees: Dylan Ruiz, Theo Philliber, and Ronan Shaffer, concentrating in
mechatronics, and John Ringrose, concentrating in general Mechanical engineering.
This report is a Scope of Work with which we seek Dr. Mello’s approval in sponsoring this
project. This report consists of our background research including: stakeholders’ preferences,
existing products, and technical documents; the project scope including: desired functions and our
planned deliverables; our objectives including: problem definition, design specifications, and
quality function deployment; and our project management plan including: our planned design
process and key milestones.

2. Background
This section of the paper discusses background and user Interviews that was performed by
the team.

2.1. Steven Waals’ Thesis Project
The foundation of this project is a master’s thesis project titled ‘A Quantitative Approach
for Tuning a Mountain Bike Suspension’, completed by Steven Waal in 2020 [1]. His goal was to
be able to adjust the suspension settings on a mountain bike in an analytical, data-driven way.
The first major task that Waal accomplished was to create a data acquisition system or a
DAQ. The end product is a pair of accelerometers, located on the front and rear wheels. These
sensors were connected to a central unit, which stored the data during a ride. Afterward, the data
could be analyzed with a computer algorithm to find suggestions for tuning parameter adjustments.
Next, Waal created a mathematical model of a mountain bike. Using MATLAB, he
developed a model with 2 degrees of freedom to represent the front and rear suspension. The model
could take in an obstacle or trail feature and simulate the positions and forces acting on the bike
tires.
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With the model developed, Waal could then move on to optimizing the tuning parameters.
He made a ‘genetic algorithm’, which takes in accelerometer data and the suspension settings and
iteratively optimizes them in an evolutionary way. His optimizing function aimed to minimize the
peak readings from the accelerometer data and return a score for each set of inputs.
With all these components, Waal had successfully found a way to analyze the suspension
settings on a mountain bike. However, there are still lots of areas in which his project can be
improved. Since he only considered the accelerations in his optimizing function, the suspension
was tuned to be as soft as possible without bottoming out. It does not consider other factors, such
as speed or handling. This could be resolved by adding a sensor on the bike to track velocity and
another sensor to track rotation of the bike. Another issue is that the sensors were connected to the
main computing unit with long wires, which risk coming loose and getting caught on the rider or
the tires as they spin. The overall goal of our project is to continue Waal’s work and to improve it
into a more functional and polished product.

2.2 Interview with Sponsor
The sponsor of this project, Dr. Joseph Mello, has provided many insights and suggestions
for what we should do differently following Waal’s thesis work. One thing was to move to a more
experimental and empirical approach, as in moving away from MATLAB modeling and towards
more analysis of real data. While the model created an optimized algorithm, it was also limited in
what types of data could be analyzed.
Another change Mello wants from us is to reevaluate the metrics that we are measuring
and optimizing with. Instead of an accelerometer on each shock absorber, we could have one above
and below the suspension, allowing us to isolate the effect of the suspension. There are various
locations on the bike we will record data and that is a large portion of this project: record data and
see if we can find correlations to accurately provide suspension tune recommendations. We could
also measure different forces, such as using a GPS sensor to accurately find the bike’s speed and
position. Mello let us know using potentiometers to track position is a much more accurate way of
tracking position.. After the first interview with Dr. Mello, it is apparent that we need to make the
current device a system ready for the end user. This means highly designed sensor housings,
universal mounting, and a foolproof user interface. Where this project will differ from Steven
Waals’ thesis is that we will be focusing much more of the data collection and creating new metrics
to quantify suspension quality.
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2.3. Stakeholder/Needs Research
Multiple versions of a questionnaire were created and distributed to gather input from as wide
a variety of mountain bikers as possible. Paper versions were handed to employees and customers
at bike retailers locally, as well as to students in the Cycling Club on campus. A revised digital
copy was then created and distributed online through social media platforms and relevant forums.
These surveys asked people about their level of experience and what aspects of riding and
suspension were important to them. While responses are still being collected, here is what we
learned so far:
•
•
•
•
•
•
•
•
•
•
•

90% of respondents identified being intermediate or advanced mountain bikers
75% of respondents “knew just enough about suspension settings to ride comfortably”
60% of respondents only adjust their suspension settings a few times a year
70% of respondents are moderate to very focused on improving their speed downhill
90% of respondents considered comfort while riding a moderate to high priority
2/3 of respondents are interested in this device, 1/3 said “maybe”
80% of respondents would spend between $100 and $400 on a working device
70% of respondents want data for a trail segment of a duration between 2.5-10 minutes
The most common response for weight requirements desired a device less than 1 lb.
All respondents identified waterproofing the device as being important
All respondents identified visual aesthetics as moderately to very important

The number of responses thus far have totaled up to 150 users and we will continue to collect
responses from these questionnaires. The data collected from this will reinforce the list of needs
and wants of customers as well as engineering specifications.

2.4 Technical Information
Research on technical literature included journal papers documenting the development of
simulated dynamic models of a relevant physical system, published research on accelerations and
impact forces found during mountain bike testing, data collection configurations, data processing
methods, and figures of merit used to evaluate performance.
For our purposes, a 2 Degree-of-freedom (DOF) model was found to be sufficiently precise
in evaluating and optimizing suspension parameters [2]. The accelerations we can expect to
measure in the system are on the order of 50 m/s2 [3]. One paper testing a suspension system on a
Hummer with accelerometers mounted on each wheel, cross members, at the center of gravity of
the vehicle, and driver’s location, recorded similar accelerations [4].
As identified in Waals’ thesis, accelerometer drift becomes an issue with this device after
a duration of 15 seconds. Data processing methods such as Kalman filters have been researched
and identified as possible solutions to eliminating noise and acceleration drift [5]. After reading a
formula SAE article, accelerometer attachment methods could be a source of this “drift” [6]. Other
forums point to using high-pass and low-pass frequency filters to remove noise as well as using
multiple accelerometers to calculate an average value [7].
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The accelerometers used in Waal’s thesis project are capacitive micro-electricalmechanical systems (MEMS). As the chips undergo acceleration, the components inside move in
response. This results in a measurable change in capacitance, which is the output of the sensor [8].
Due to this use of capacitance, MEMS accelerometers are susceptible to anything which could
affect capacitance. Temperature is one variable affects the capacitance of materials [9]. There are
many articles which describe different approaches to reduce this error [10]. It is likely that we can
ignore this temperature-based error, as well as other sources of minor error, because our project
will not require a very high degree of accuracy.
After meeting with Dr. Mello and conducting research on technical literature, we decided
our next steps should be to continue researching suspension tuning metrics and sensor
configurations to assess suspension performance and bike behavior, as well as developing methods
for simpler data processing.

2.4.1 Characterizing Vibration
One of the major challenges of this project is with quantifying the data we collect. More
specifically, we need a numerical way to determine what suspension settings are ‘good’ or ‘bad’
in terms of comfort, which is a subjective and qualitative feeling. With this metric, we can then go
about finding the relationships between parameter settings and comfort.
There are many research reports on this topic, especially from automotive companies. The
Handbook of Human Vibration [13] details one way to calculate a metric that accounts for both
the magnitude and frequency of the vibration. This represents the ‘psychophysical magnitude’ of
the vibration, its perceived harshness. We could use a metric such as this in our algorithm’s
minimizing function, to determine which datasets (and related suspension settings) are optimal.
Similar methods for quantifying vibrational discomfort are described in [14] and [15]. The exact
metrics that we use to quantify vibrational discomfort will be determined later in this project if
approved.

2.5 Existing Designs and Patent Research
The background research included existing products that function similarly to what the
problem statement describes. These products were rated on a scale of 1(poor) to 5(great) in terms
of their performance for each of the customer’s needs and wants. This type of product has only
one type of interpretation on the market. The rest of the products that were compared functioned
similarly but were not specific to MTBs. The most competitive product that related to the problem
statement was the Quarq Shockwiz [11]. The Shockwiz is a device that can plug into the fork or
rear shock and analyze pressure data to suggest tuning changes. It connects to a smartphone app
via Bluetooth to show the results of the data analysis. The Shockwiz only works with shocks that
have a positive air chamber. This limits the use of the Shockwiz for potential users. The total list
of existing designs can be found below in Table 1.
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Table 1: State of the Art Product Table
Product Name
Shockwiz

Image of Product

Product Description
Plugs into the fork or rear
shock and analyses pressure
data to suggest set-up
options. There are four
tuning styles, Efficient,
Balanced, Playful, and
Aggressive. Only works with
forks and shocks that have a
positive air chamber.
[11]

Flight Attendant

[16]

EI System

[17]

Motion
Instruments
Downhill Pro
System

System integrated on selected
bikes. Collects data on the
forks, shocks, and crankset.
Automatically switches
suspension between three
options, Open, Pedal, and
Lock.
Integrated with only three
bikes. Takes data via
accelerometers and cadence
sensors to determine a setting
to be applied to rear shock.
Automatically switches
between Locked Out,
Middle, Open and Fully
Open.
DAQ System used for
collecting and analyzing data
for mountain bikes. Used for
downhill segments only.

[18]

Motool Slacker

Suspension Tuner used
mainly for motorcycles. Used
to measure sag using a
retractable nylon cord.
[19]

Page 5

A patent search was done to see what kinds of methods and devices had been patented.
Since the solution to the problem statement is very specific, no patents are accomplished in
providing a full solution. However, there were multiple methods of setting up a DAQ system on
wheeled vehicles, which can be used when designing the installation methods. Patents that solved
the problem of mounting the sensors and DAQ were also investigated. After reading many patents
that relate to accelerometer mounting, it is established how important the orientation of mounting
sensors is. An example “Ensures that the axial orientation of the vibration data collected by the
accelerometer properly corresponds to the intended axis of measurement of the machinery
component and thus allows for consistent, repeatable installations of the accelerometer onto the
machinery component without introducing alignment errors which can generate erroneous
vibration data with respect to one or more axes of measurement” [12]. Many different types of
mounts could be used to solve this problem, however the most relevant were ones consisting of a
clamp to attach to the bike frame or strong adhesives. We will continue our investigation as the
project continues to evolve.

2.5.1 BYB Telemetry
There exists one product on the market which is very similar to our goal: the BYB Telemetry
[13]. Like ours, this is a data acquisition system that can be mounted to nearly any bike and will
collect and analyze data for the rider. It gives suggestions on tuning parameters based on data
collected from accelerometers, gyroscopes, wheel speed sensors, fork and shock sensors, and a
GPS sensor. It does not make any changes to the suspension itself, but passively suggests
improvements based on quantitative methods.
Our product will have the same goal as the BYB Telemetry system, to improve suspension
tuning through data-driven analysis. However, we aim to make a simpler and more budget-friendly
product that would be accessible to an average or mid-level rider. The biggest flaw of the BYB
Telemetry is it’s shocking $1600 price tag, making it useful only for professional MTB teams or
very wealthy hobbyists. We are aiming for the low hundreds range and have a specific target of
$150 for the system. This will mean a more streamlined and stripped-down system with fewer
sensors and less thorough data than the Telemetry. We will need to use different metrics for
quantifying suspension performance and may need a different way to mount the system.
Considering that MTB suspensions have a limited number of settings, having more ride data will
not necessarily improve the ride experience.
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3. Project Scope
This subsection of the paper defines all of the necessary specifications of the product to make a
well-designed MTB Daq.

3.1 Boundary Diagram

Figure 1: Boundary Diagram for MTB Suspension DAQ
The boundary sketch seen in Figure 1 was created to outline the functions and placements
of DAQ while riding the MTB. The system will only be comprised of the main MTB DAQ along
with 2 other sensors secured to the MTB in specific positions. The external references that will
influence the product’s function are the terrain, the MTB, and the rider. The external terrain will
directly affect the way we set up the DAQ and its sensors to acquire viable data. The rider will
affect the inputs that will be used to calibrate the DAQ to provide accurate data. Finally, the MTB
will affect the way the mounts are designed for both the sensors and DAQ as well as their
placement.

3.2 Stakeholder’s Needs & Wants
To help define a problem, our team created a table of wants and needs which were
influenced by our stakeholder research on potential customers’ preferences. This can be seen in
Table 2 below.
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Table 2. Summary of customer needs and wants.
Needs
Resistant to water and dust
Sensors have a small profile (doesn’t
obstruct wheel movement)
Battery lasts long enough for the entire
ride(s)
Cables secured (don’t get snagged on bike
or rider)
Can withstand vibration without breaking or
giving incorrect data
Can mount to bike frame (universality)
Simple Installation
Low profile

Wants
Easy to setup
Less than 1lb
Simple controls/interface
Enough data storage for the entire ride(s)
Battery life of 10 “rides”
Recommended Compression/rebound direction
Low Cost
Sag Recommendation

This table of needs and wants was generated originally by speaking with Dr. Mello and taking
note of the specifications he stated were important for the device. To develop an unbiased and
larger list of needs and wants we distributed multiple rounds of questionaries to all levels of
mountain bikers. This list of needs/wants will continue to evolve and refine, ultimately steering
the design of this product in the correct direction.
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3.3 Functional Decomposition
To describe all functions required to create a well-rounded Data Acquisition system, we
need to break down the overall function of the device into smaller functions. This breakdown of
functions can be seen in Figure 2 below.

Figure 2. Functional Decomposition Diagram
At a high level, this device must provide suspension tune recommendations (as seen, the
general function). Many sub functions are leading up to this high-level function and all must be
executed to solve the problem statement. The subfunctions in this diagram were influenced by our
background research, the state of the current product, Dr. Mello, and potential user questionnaires.
All functions in this diagram use high level language to allow for solutions to be viable. As this
project continues, new functions will certainly be added while original tasks may no longer be
important.

4. Objectives
This subsection of the paper defines the goals of the DAQ and discuss the strategies leading
up to desired specifications of the product.

4.1 Problem Statement
The problem statement for this project is as follows: Mountain bikers of all skill levels need
a straightforward way to quantitatively tune their suspensions. Current tuning metrics are done
purely based on rider feel, but this can be an issue for inexperienced riders or professional riders
who desire an optimized suspension setup using a data-driven approach. This solution will provide
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feedback on improving suspension settings based on data taken through riding a mountain bike
downhill. The mechanism will be easy to install and be user-friendly, lightweight, and accurate in
providing suggestions. The needs and wants of the customers include the mechanism to be durable,
lightweight, and low cost among others. All the needs and wants can be found in Table 1.

4.2 Quality Function Deployment (QFD)
The Quality Function Deployment process determined the product specifications required
for the DAQ system. Using customer surveys and personal interviews, the needs and wants of the
specific customers were taken into consideration and evaluated. Each need and want was rated on
a 1-10 scale of importance for each type of customer, 10 being the most important. Similarly,
competitor products were rated on a 1-5 scale on how much they satisfy customer needs and wants,
with 5 being the most satisfactory. Finally, competitor products were also rated on a 1-5 scale on
how well they meet the product specifications. A House of Quality was developed with these
processes in Appendix A.
From this process, it was determined that the product Shockwiz satisfied the customers’
wants and needs the best. The most important needs/wants for all the customers are that the product
is lightweight, durable, accurate, and resistant to water and dust. These needs and wants then lead
to a more value based list of engineering specifications. Once the prototype is built these
specifications will have dedicated tests to see if their pass criteria are met.

4.3 Engineering Specifications
Table 3 is a brief description of each specification as well as their proposed test to determine
whether the set target has been met.
Table 3. Specification Table listing all the parameters to test to meet customer requirements.

Spec
#

Parameter

1

Size

2
3
4
5

Weight
Cost
Battery Life
Ingress Protection

6

Foolproof

7

Maximum Recording Time

8

Mounting Universality

9

Aesthetically Pleasing

10

Target
5”x3”x1”
1.5”x1.5”x1.5”
500g
$150
1 Hr
IP54
100% pass by
user testing
8 gb
All bikes
80% approval
by user testing

Tolerance Risk* Compliance**
Max

M

A, I

Max
Max
Min
Min

M
H
L
M

A, I
A
A, T
I, T

Min

M

S,T

Min

L

A, T

Min

L

I, T

Min

L

S

Suspension Tune
5% faster
Min
H
recommendation
*Risk of meeting specification: (H) High, (M) Medium, (L) Low
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A, T

** Test Methods: (A) Analysis, (I) Inspection, (S) Customer Survey, (T) Test
The highest risk of the specifications above is the ultimate task of the DAQ; provide suspension
tune recommendations. Given that the current device only collects data, the most difficult task will
be relating the data phenomenon to a better specific suspension tune. The current device falls short
of meeting most requirements stated above, but with a refined device (Proto 2) specifications will
be met.
1. Size
After creating the prototype, a simple measurement of the external geometry will dictate pass/fail
criteria for the prototype. The larger X*Y*Z dimension refers to the main DAQ hub and the smaller
dimension refers to the sensors.
2. Weight
Using a digital scale, weighing the complete system after a prototype has been built.
3. Cost
This cost is relevant to the total cost required by the team to build the device. This excludes
purchasing mistakes and analyzes what the product would cost to make at mass production.

4. Battery Life
The power consumption of all the electrical components can be added up to estimate the total
system power usage. This can be multiplied by the battery’s listed capacity to analytically find the
battery life. Once the prototype is complete, we can also time how long the battery lasts to validate
the calculated result.
5. Ingress Protection
The product shall be protected from limited dust ingress and protected from water spray in all
directions. The testing to determine these traits will follow the industry’s standards.
6. Foolproof
The prototype should be easy to use, with minimal room for user error. We will need to conduct a
user survey, allowing potential customers to set up and operate the prototype. If they do not
struggle with this, then the test is passed.
7. Data Storage Capacity
After sampling data for the stated maximum allowable time (10hr) there is enough storage on the
device to hold all recorded data. This allows the user to track past rides.
8. Mounting Universality
The product should be able to accommodate a variety of bike shapes and sizes. We can test this by
simply attaching the device to a variety of bikes and see if it all fits.
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9. Aesthetically Pleasing
The product should be aesthetically pleasing to customers’. To test this, we can simply survey the
customers opinions on the look of the device.
10. Suspension Tune Recommendation
The end goal of this product is to recommend changes the user should make to their bike
suspension settings. This is a pass/fail specification, as the device will either accomplish this or it
won’t. We will test if it does with experimental data to see if it passes under use-case conditions.

5. Project Management
This subsection of the paper discusses the planned next steps to designing the updated DAQ.

5.1 Design Process
The first part of this project was all about gaining understanding. We read through the
master’s thesis, got familiar with the DAQ and code given to us, and did background research.
During this time, we have also conducted surveys with potential consumers to get an idea of the
needs and wants of end-users. These activities have led us to the construction of this document.
The next goal will be to determine what metrics we will use in our optimization algorithm, as well
as what sensors we will want to take data. After this, we need to create the necessary hardware for
the DAQ, including the universal mounts and potentially any circuitry needed for new sensors.
After that, we would start taking data and running it through the model, adjusted to find the new
metrics. We would iterate through different settings and finally, observe the results.

5.2 Timeline
We will use a Gantt chart to plan and track timelines of key tasks and goals. This will help
us stay on track and organize which team member will do what task. The full chart is listed in
Appendix B, and the major deliverables are tabulated below in Table 2.

Table 4. Major deliverables with their estimated delivery dates
Major Deliverables
Function Brainstorming
Function Ideation Models
Concept Models
Controlled Convergence
Proto 1 Decision
CAD of Proto 1 Mount

Completion Date
10/19/21
10/26/21
10/28/21
11/1/21
11/3/21
11/8/21
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Proto 1 Manufacturing
Assembly and Mounting Proto 1
Proto 1 testing
PDR Results

11/10/21
11/11/21
11/13/21
11/18/21

5.3 Next Steps
After gaining approval of this document, we propose to continue our research leading up
to the Preliminary Design Review. We will also begin our brainstorming and concept ideation
process where we utilize our background research to come up with concepts to improve the current
design. After iterations of ideation are complete, we will share our results with our sponsor to gain
feedback. We are aiming to solve the key issues of extended data collection, more dependable
data, and ultimately, an empirical value derived from data to tune a bicycle’s suspension. To solve
these key issues this means our team must quickly create working mounts and housings to begin
collecting data. The collection of data will be a large part of figuring out how to create a metric for
tuning the suspension and will likely take many runs to figure out proper sensor positions and
sensor outputs.

6. Conclusion
This document proposes a continuation of finding a quantitative method of tuning a
mountain bike suspension. It compiles the objectives, background research, process, and estimated
timeline of the project. The next step would be to start evaluating different metrics and sensors
that could be used to better characterize a mountain bike suspension, as this would govern the
direction of the project. This means getting the unit on the bike and begin data collection as soon
as possible. We first need to design reliable housings and mounts to achieve dependable data. If
approved, the next key deliverable will be a preliminary design review (PDR), delivered on
November 18, 2021.
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Abstract
This Preliminary Design Review (PDR) details the ‘MTB Suspension Tuning DAQ’ senior
project, performed by four mechanical engineering students at California Polytechnic State
University, San Luis Obispo. The project, under the guidance of Dr. Joseph Mello with the
mechanical engineering department, aims to quantify the suspension settings of mountain bikes
(MTB) to improve the riding performance and reduce vibrational discomfort. A data acquisition
system (DAQ) will collect data during a ride, which will be analyzed after the fact to suggest
changes to the tuning parameters of the suspension. In this document, the initial concept
development and design choices are described. Our team created an initial design for the sensor
housings to be mounted at the front and rear axles. We also developed preliminary metrics to
characterize the motion of the bike and rider and therefore analyze the effect of a particular
suspension tuning configuration. This report also lays out future steps if the PDR is approved,
including redesigning the printed circuit board (PCB) to incorporate more sensor inputs and a
redesigned central DAQ unit housing to protect the PCB and resist water and debris ingress. This
work will further the progress towards a mountain bike suspension tuning system that will use
data to output meaningful information on adjusting suspension settings that will allow the user to
ride faster and more comfortably.
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1.Introduction
The goal of this report is to document the selected design direction of the next iteration of Dr.
Mello’s Mountain bike (MTB) data acquisition system (DAQ). The MTB DAQ will collect
accelerations, angular velocities and speed that will be transferable to a computer through an SD
card. Using this data, the user will be able to process the data based on metrics that our team
defines and justifies. The next iteration of design will be supported by the findings in the first
round of prototyping as well as the planned next steps to implement the new features of the
system. Since the Scope of Work document was released, new features of the system were
needed to succeed in developing the main goal of the system; that is to provide a user with tuning
recommendations for their suspension settings based on metrics designed by the MTB DAQ
team. Our team will develop our own metrics to characterize suspension behavior and evaluate a
rider’s performance resulting from their selected settings. Our first stage of research into these
suspension metrics is outlined, as well as the team’s upcoming goals for designing, building, and
testing new system features. We outline the process used to formulate and refine our design
concepts in the Concept Development section. We explain the design features and material
aspects of our current prototype for the sensor housings in the Concept Design section. The
Concept Justification section presents our reasoning for why the design will work as intended.
The Future Work section describes a few figures of merit our team will test for their usefulness
and relevance in characterizing motion of the bike and whether they correlate with improvements
in speed and comfort. Finally, our project management section outlines the timeline of our
upcoming project work including research, ideation, design reviews, testing, purchasing and
manufacturing.
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2. Concept Development
The concept development process consists of organized and sequential steps that allow
the selection of five system-level concepts. Concept ideation methods were used to produce
ideas, both reasonable and unfeasible. These ideas were then implemented into Pugh Matrices
for a specific function. Finally, the results of the Pugh Matrices inspired the creation of five
system-level ideas for the MTB mounting system. These system-level ideas were evaluated
through a weighted decision matrix to select the design direction of the MTB mounting system.
To provide context for the main functions of the system, a functional tree is composed below in
Figure 1.

Suspension Tune
Recommendation

Store Data

Transmit Data to
main unit

Interpret Data

Collect Data

Protect DAQ Unit

Interface with Rider

Minimize Stem/BB
Bracket

Measure
Accelerations

Resist Water and
Dust

Ease of use

Minimize
Stem Accelerations

Measure wheel
speed

Protect Against
Impact and Shock

Connect between
User and Device

Minimize Bottom
Bracket Accelerations

Measure Pitch, Roll
of Main DAQ

Power DAQ

Attach to bike

Fit all bikes

Mount main unit

Mount sensors

Figure 1. Functional Tree of the MTB DAQ System. Bolded Functions were Further Considered
in Pugh Matrices (See Section 2.1-2 and Appendix B)

2.1 Concept Ideation
To develop multiple ideas for each function, a functional tree divided the system into
subfunctions which the ideas were based on. Only functions relevant to the initial set-up of the
MTB were referenced due to the priorities of preparing for preliminary testing. These functions
include mounting to sensors to the bike, speed measurement, user interface, and sensor
protection. The goal was to create 50 ideas per function through brainstorming, then select the
best five ideas from each function to further evaluate in the Pugh Matrices. We generated ideas
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using the “How Might We” templates. Some of the functions were more technical than others,
such as ways to measure speed. The top ideas are listed in Appendix A.
Using these top five ideas for each function, ideation models were developed mainly
from cardboard, glue, and popsicle sticks to help visualize a few of the ideas, two examples of
which are shown in Appendix A. These concept models were focused on the mounting portion of
the functions, which consisted of the mounting of the sensors to the MTB and the housing for the
sensors.

2.2 Pugh Matrices
A Pugh matrix compares the different ideas for a certain function using a set of relevant
criteria. One of the ideas is used as a “datum” to compare whether the other ideas are better or
worse for a certain criterion. The values +, -, S are used to represent where the ideas compare to
the datum for each criterion, with “S” being equal to the datum, “+” being better than the datum
and “-“ being worse than the datum. The scores are summed up for each solution, giving a rough
idea of which solution will be the best, although it does not consider the importance of each
criterion. The final concept ideas were determined using Pugh Matrices.
Each of the four Pugh matrices in Appendix B were developed for one of the MTB DAQ
system’s functions: interface with rider, attach to bike, collect data and protect DAQ unit.
Because the mounting of sensors to the bike was the priority, only the ideas for mounting and
housing the sensors were used to create the top five system level concepts. The other two
functions are independent of the mounting and can incorporate virtually any idea. From the Pugh
matrices related to mounting, it was found that permanent attachments to the bike, such as
welding or adhesives, were unfavorable due to the effects it would have on the bike’s frame.
Instead, Velcro and tie straps proved to be more efficient. Also, a tapered base was more
favorable than a rounded base because it ensures at least two points of contact to a variety of bike
frames.

2.3 Top Five System Level Concepts
Using the results from the two relevant Pugh matrices, six concept level ideas were
created. The concept level ideas incorporated the combinations of the top two ideas from the
sensor housing Pugh matrix and the top three ideas from the mounting to bike Pugh matrix.
These six concept level ideas can be seen in Table 1.
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Table 1. Six Concepts for Sensor Housings & Mounting Methods

Each of these concepts provided a unique way of housing and mounting the sensors to the
bike. All the concepts use a tapered base that allows the housing to mount to multiple diameters
within a range. Concept 1 utilizes zip ties, a cheap and accessible product, to mount the housing
to the bike. The housing has a lid that can be opened to insert the accelerometer and utilizes
screws to secure the accelerometer board to the housing. Concept 2 is the same design as
Concept 1 except it uses a Velcro strap instead of zip ties, which is better for reusability. Concept
3 uses a Velcro pad to mount the housing to the bike instead of zip ties or a Velcro strap.
Concept 4 consists of a lid with a hinge, zip ties and a rubber pad to both increase stability
through friction and protect the bike from scratches. Concept 5 is like Concept 4, substituting the
zip ties for a Velcro strap. Finally, Concept 6 is similar to both Concept 5 and Concept 4 but uses
a OneUp strap to mount the housing to the bike. The OneUp strap is an off-the-shelf part made
of a UV stabilized polyurethane strap.

4

2.4 Weighted Decision Matrix

The weighted decision matrix in Appendix C compared the six mounting concepts
against each other using a set of criteria and weights developed through team consensus. Each
design was rated 1-10 for each criterion based on how well it satisfied the criterion, with a rating
of 10 indicated the design perfectly met the criterion to the highest standard. The rating of each
criterion was also multiplied by each of the criterion’s weight, creating a total score for each
criterion. The total scores for each criterion were then summed up for each design to determine
the best design based on our specifications.
Each team member filled out their own decision matrix based on their best judgement.
This first step was done individually to minimize the impact of peer pressure among team
members. The final decision matrix was created based on the average of all the team members
matrices. The best concept, determined by the highest score in the decision matrix, was Concept
6 due to its high rankings in the most important criteria. These criteria include durability,
vibrational dampening, universality, and security. The second and third place concepts were
Concepts 5 and 4 respectively. These designs both included the rubber base which seemed to be
a big factor for the most important criteria. Although Concept 6 was determined to be the design
direction for the mounting system, this is mainly based on theory and is subject to change based
on the preliminary testing results.
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3. Concept Design

Our selected concept design consists primarily of two newly designed parts: the sensor
housing and the mounting platform. The purpose of the housing is to secure the accelerometer
and ethernet port to protect the components from the outdoor conditions being operated in. The
purpose of the mounting platform is to attach the housing to the bike. Our design also includes
the data acquisition (DAQ) unit and the accelerometer sensors, designed and built by Steven
Waal, the master's student whose work formed the basis of our project.

Figure 2. Assembly model of the sensor, housing, and platform fitting together

3.1 CAD Design of the Concept Prototype
The accelerometer sensor shown below in Figure 3 will measure acceleration data in
XYZ directions; this data will be transmitted via ethernet cables to the main DAQ unit, where it
will be stored on an SD card.
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Figure 3. Picture of current accelerometer sensor
The sensor housing pictured below in Figure 4 features an internal chamber to fit the
board, components, and port. The board will slide along the floor of the chamber into the slot,
allowing the holes in the board and housing to align. M1 screws will go through the bottom of
the housing up into the internal protrusions to prevent lateral movement of the sensor. The open
face of the housing allows the user to insert/remove the sensor and to plug the ethernet cable into
the port. The prongs on the bottom of the housing will be flexible and act as a buckle to clip to
the platform. This will serve as an easy connection point to put the housing on and take it off the
platform. To detach the housing from the platform, the buckle prongs are squeezed inward
towards the center of the part until the lip no longer contacts the interfacing surface of the
platform.

Figure 4. CAD model of sensor housing
The mounting platform depicted in Figure 5 receives the sensor housing prongs to
prevent it from detaching upwards, with the centered uppermost surface sitting flush against the
7

underside of the housing. The endcaps on either side of the buckle cavity prevent the housing
from sliding laterally and detaching from the platform. The slot running underneath the floor of
the buckle cavity will accommodate a polyurethane strap that will wrap around the bike fork or
chain stay, securing the assembly to the bike. The angled surfaces on the underside of the
platform will interface with the bike, providing two contact points. A thin rubber layer will be
adhered to the angled surfaces of the platform, acting as a interface between the platform and the
bike frame, to prevent vibrational chatter and dampen unwanted noise during data collection, as
well as widen the contact surface and increase friction to secure the assembly to the bike.

Figure 5. CAD model of platform mount
As previously developed, the main DAQ unit modeled in Figure 5 consists of two
ethernet cable ports for receiving accelerometer data, three LEDs to indicate the status of the
system’s power, charging, and recording functions, a record button to start and stop data
collection, a 4-character display, a Micro SD card slot, and a USB Mini B port. Two M5X0.8
screws run through the unit to attach it to the water bottle bosses on the main frame of the bike.
Two circuit boards are housed in the electronics enclosure: a UI board which connects to the
LEDs, record button, and display, and the main board, which contains the rest of the electronic
components including the microcontroller, crystal oscillators, power filtering circuit, battery
charging circuit, Micro SD slot, ethernet ports, and USB port.
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z
Figure 6. CAD model of the main DAQ housing
The housing and platform are both roughly 1 inch wide by 2 inches long, with the
assembly sitting 2 inches high off the bike surface. One sensor will be mounted to the fork
housing, close to the axle of the front wheel and the other will be mounted to the chain stay,
close to the axle of the rear wheel. The DAQ housing is 5 in x 3 in x 1 in and will be mounted to
the bike’s main frame, close to the center of gravity of the bike-rider system.

3.2 Manufacturing and Materials of Concept
Prototype

For our concept prototype, the accelerometer housing and platform components were 3D
printed with PLA using an Ultimaker 3 printer. These 3D printed parts were used for preliminary
testing to determine the viability of this manufacturing method. If the method and material yield
good test results and are deemed reliable, durable, and safe enough to use for our project, we will
continue to use the 3D printed parts throughout this project because of its manufacturing ease
and cost savings. However, if these components do not yield good test results, other materials
and manufacturing methods will be considered, most likely 6061 aluminum alloy and material
removal machining methods such as CNC or manual milling, waterjet cutting, and drilling. The
DAQ housing is made of aluminum with plastic endcaps that have cutouts for the cable ports and
SD card slot.
If we find from testing that plastic works well for housings and meets all our
requirements, we will likely use it for the final product as well. If we do, we won’t 3D print it
due to the slow time requirements and high amount of labor required to clean up each part.
Instead, we would most likely use injection molding, as this is much faster and more efficient for
9

mass production. If the plastic doesn’t work, we would most likely use aluminum, which could
either be milled as described above, or cast in molds.
Currently, the main DAQ unit is not fully defined and will be redesigned to include an
accelerometer and gyroscope on its main board as well as additional ethernet ports to
accommodate more sensors if we decide they are necessary to characterize suspension behavior.
The DAQ housing will be redesigned to protect the electronics from water, dust, and debris
entering through holes and gaps. If possible, the user interface will be redesigned to sit on the
handlebars of the bike for easier access by the user, including an expanded, more modern display
showing elapsed time during data collection and suspension adjustment recommendations
afterwards to the user. However, this is a high-risk aspect of the design, as it will demand lots of
effort and isn’t necessary for the completion of our project. It is more of a ‘stretch goal’ than a
main focus of ours.
The final placement and sensor configuration are also not yet fully defined. Our team will
decide if and where to add additional accelerometers to the bike if it’s necessary. A more
detailed explanation of options we are currently considering can be found in Section 5.
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4. Concept Justification
We have demonstrated proof of concept with the first round of preliminary testing of the
sensor housing/mount assembly. The first draft of the CAD model was 3D printed and assembled
to examine the print quality of the chosen settings, specifically the orientation of the part on the
build plate and the tolerances of the fit between the housing buckle and the platform lip.

Figure 7. Concept Prototype Housing for Accelerometer
The housing was printed with the open face of the chamber upwards to minimize
overhanging features which are problematic when 3D printing. This minimized the number of
overhanging supports and resulted in a cleaner surface finish and tighter tolerances. The holes
that accommodate the screws going through the sensor PCB were undersized and printed parallel
to the build plate which is not ideal but allowed for the larger overhanging features to come out
more cleanly. The holes were then effectively tapped directly by inserting the screws which
worked well to secure the sensor in the housing when mounted to the bike.
The platform was printed with the thru slot perpendicular to the build plate to eliminate
the need for supports that would be difficult to remove and potentially interfere with the strap
passing through it. However, the thin overhanging surface that catches the buckle protrusions on
one side had more imperfections. Because this small surface is critical to the functionality of the
snap-fit design, a second iteration of this print would orient the platform such that this lip is not
overhanging. Regardless, the snap-fit worked reasonably well by simply pressing the housing
into the platform until it clips in, with all interfacing surfaces between the parts sitting flush with
each other. One important detail we learned of is that the center ridge of the platform was too
wide and interfered with the heads of the screws in the housing.
This snap-fit design was intended to make it easier for attaching and detaching the
sensors to the bike. However, while functional, we learned it was unnecessary to add this feature
because of the ease with which the assembly can be strapped to the bike. The snap-fit prongs
introduce a potential failure mode: being the thinnest features of the part, these prongs could
yield from fatigue stress after enough cyclic loading from the squeezing action to buckle and
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unbuckle. With this realization, we will combine the housing and platform into one piece to
reduce the number of parts needed and simplify the design. This way the form factor of the
mount will be reduced and the clearance between the mount and the rider’s shoe will be
maximized, avoiding interference with the rider’s motion. The system will also be lighter, easier
to set up, and more robust and durable in the face of natural elements in an outdoor environment.
The angled surface of the bottom of the platform fits well onto the fork housing and seat
stay, maintaining two points of contact with each component of the bike tested, and will fit any
size and shape of fork housing and seat stay on the market.
The rubber pad between the platform and the bike significantly increased friction and,
along with the polyurethane strap, this design fulfills the universal compatibility requirement
from our design criteria.
The 3D printed PLA is waterproof and will protect from dust and debris, but we are still
researching solutions to waterproof the electrical connections where openings in the housings of
the sensors and main DAQ are necessary.
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5. Future Work

In the coming weeks we will begin our first round of metric testing using the current state
of the system along with our prototype 1 sensor housings. The three following subsections of this
document give a brief introduction into each of the metrics we plan to test initially and how we
will collect data per sensor locations. All possible sensor locations are depicted in Figure 8
(credit given to SireAnko for the original drawing).

Figure 8. Sensor Types and Potential Locations

5.1 Suspension Balance Metric
One metric we will potentially use is a comparison of the front and rear axle behavior.
Specifically, Figure 9 would incorporate the root-mean-square values of measured accelerations
at each location and compare the magnitude of each value for the instant of time that the
measurements were taken. From this metric, we hope to determine whether the front fork or rear
shock’s spring rate or damping is too high or low relative to the other one. In this way, the
suspension settings could be adjusted to minimize the difference in acceleration, and therefore
reduce extraneous pitching motion, which may lead to a more balanced, smoother, faster ride.
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Figure 9. Plot demonstrating a comparison of RMS acceleration values for suspension balance

5.2 Rider Bike Metric
Another metric we will consider includes motion of the rider’s body and compares it to
the motion of the bike. While the rider’s head position is being tracked in Figure 10, it could also
be advantageous to track the motion of the rider’s center of gravity with an accelerometer
attached to a belt worn by the user. Body positioning is critical when biking competitively as it
has a large effect on the rider’s speed and control when navigating trail features. By collecting
acceleration data of the rider’s CG and comparing it to the bike frame’s acceleration, we hope to
analyze this motion in a suspension transmissibility context, similar to the next metric discussed
below. Challenges for incorporating this metric include the added complexity of the rider’s
motion separate from the bike frame and the additional degrees of freedom that follow, as well as
data transmission to the main DAQ which would be difficult with our current method using
ethernet cables.
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Figure 10. Positional/acceleration comparison of rider and bike
(credit for picture given to Ben Cathro)

5.3 Handlebar/Fork Metric
The transmissibility of acceleration between the front axle and the handlebar is a metric
that could lead to a more comfortable and faster ride [2]. Ideally, the handlebar accelerations
would be minimized as much as possible, allowing the user to experience less vibration and have
more control during the ride. This may also help to reduce extraneous movement which could
lead to a longer path traveled by the rider and therefore be slower. It could also provide more
information pertinent to keeping the wheels contacting the ground, which is faster than when the
bike and rider are airborne.

Figure 11. Example Plot of Handlebar and Front Axle Accelerations
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Figure 11 represents an example plot of low transmissibility between the handlebar and front
axle. The suspension will reduce or increase the transmissibility based on the selected settings.
By minimizing the transmissibility, we can ensure the fork is not too stiff or bottoming out, as
both cases would increase the transmissibility and cause discomfort, as well as contribute to a
slower ride for the user.
We plan to assess the validity of each metric with an abundance of testing and data
collection to see what correlates with faster ride times and more comfort and control experienced
by the rider. Combining this with abundant background research on current techniques used in
the racing industry and published methods in technical literature, we are confident in our ability
to identify, develop, and implement meaningful metrics to quantify and evaluate suspension
performance.
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6. Project Management
The following section discusses what has been completed thus far and the planned tasks
for the next major phase of this project: design and testing. This next quarter there will only be
one main deliverable, the critical design review; therefore, the steps documented below will
explain how we will reach the next design phase, engineering validation.
At a high level our goals for the DAQ leading up to the CDR include round 1 of metric
testing, adding sensors, an updated PCB, and updated main/sensor housings. To achieve these
new features and metrics we will be working in parallel. This means each one of us will be
owning a feature and leading the process. We will maintain the proper team dynamic by holding
design reviews with the team and Dr. Mello. The major dates of the design phase are
documented below in Table 2.
Table 2. Key Tasks Leading to CDR
Major Deliverables
New Component Research
New Component Selection
Round 1 Metric Testing
Interim Design Review
PCB Rework/ Redesign
PCB Review
DAQ Housing Redesign
Critical Design Review

Completion Date
1/6/22
1/8/22
1/11/22
1/13/22
1/14/22
1/21/22
2/2/22
2/11/22
Spring Break (2/19-2/27)

Test Protocol Drafts
Component Testing
Round 2 Metric Testing

3/4/22
3/11/22
3/18/22

These new features will follow the same design path: research on sensors, selection of the new
component, CAD implementation, PCB additions, programming, and component testing. We
have come to understand that if we want a variety of options when determining metrics for
tuning a MTB suspension, we do not want to be limited on the sensors we have available to us. A
complete timeline for the entire project lifespan can be found on the Gantt chart in Appendix D.
The following categories breakdown the processes we have followed and will follow through the
different design phases of our device.
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Concept | Ideation
After the completion of the SOW, we spent one week brainstorming and ideating on the main
functions of the device. We generated over 100 ideas total for the functions we were
brainstorming on. Then we turned our focus to the mount and housing for the accelerometers so
that we could begin preliminary testing with the DAQ and gain experience. The next two weeks
we preformed concepting activities and generated a few main concepts that boiled down to our
main prototype. This process will continue throughout the lifespan of our project as this
progression sets up for a smooth design phase.

Design | Prototype
After determining the main concept that would be prototyped, it was necessary to place an order
on the off-the-shelf (OTS) parts that we were integrating into our system. By ordering these
ahead of time, this allowed for us to take measurements on the OTS parts and begin the CAD
work of the housing. After succeeding in the 3D printing of our housing we were able to mount it
to the bike and perform our proof-of-concept tests. Following this process, we were able to find
flaws in our design, but that is why we do create rapid prototypes. We plan to perform these
steps again when adding new components and reworking our system. The specific dates for
ordering of parts can be found in the Gannt chart.

Rework | Optimization
Following the completion of component testing, we will begin our investigation of tune metrics.
This means that our system will need to be shook down to verify that the data we collect is
reliable. During this process it is likely that we will have to rework our CAD/programs/PCB to
correct our data collection. By giving ourselves time to make these corrections we should be able
to achieve the level of data collection we desire. Once again, throughout the lifespan of our
project we will rework our design until we deem the quality we desire has been achieved.
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7. Conclusions

This Preliminary Design Review describes the development of the initial MTB Suspension
Tuning DAQ concepts and prototype development. It details the specifications and design
requirements, and how the selected concept meets them. For the sensor housings, we came up
with a design involving a plastic holder that locks into a plastic base secured to the bike’s frame
with an elastic strap. Three possible metrics are described, taking into account acceleration data
at the suspension, fork, and rider in different ways. Through testing we will determine which of
the three metrics, as well as any additional variables, are needed to accurately represent the
quality of the suspension setup. The document then goes on to describe future plans of the
project if this current direction is approved. The next major steps after this PDR will be to begin
testing the concept prototype and begin redesigning the DAQ components to create our full
prototype system.
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Appendices

Appendix A: Ideation Concepts (best ideas) and
Models
Sub-Functions

Idea
Velcro

Attach Housing to Bike

Measure Speed

Welding
Adhesives
C-Clamp
Belt Loop
Magnets
Zip ties
Rachet Strap
Watch Band
Glue
GPS (phone)
App (Strava)
Timer Clock
Integrate Acceleration
Mechanical Speed Sensor
Checkpoints with Time Intervals
GPS onboard DAQ
OTS sensor online
Button on Handlebars to initiate/terminate

User Interface

Housing

iPhone App
Sensor detection to initiate/terminate
Touch Display on main device
Foot button
Link with Strava
Link with Garmin
Able to pause instead of terminating
Two buttons to interface (start/stop; Keymark important times)
3d-Print
Bottom Tapered
Bottom Radial
Hinged lid
Locked lid
Slide sensor through side
Screws to hold board
String to hold board

A1

Glue to hold board

Appendix A (cont.)

Fig A.1: Ideation Model Showing Possible Sensor Housing

A2

Fig A.2: Ideation Model Showing Possible Securement Strap for Mounts

A3

Appendix B: Pugh Matrices
Sensor Housing

Low Cost
Aesthetics
Manufacturability
Weight
# Of Parts
Waterproofing
Foolproof
Universal
Protection
Total

+
S
+
+
S
+
S
2

+
+
+
+
+
2

+
+
+
+
+
1

+
+
+
+
+
+
3

+
+
+
+
+
+
+
5

+
+
+
+
+
+
+
6

S
S
S
S
S
S
S
S
S
0

User
Interface

Weight
Low Cost
Water
resistant
Simplicity
Universality
Durable
Aesthetics
Small
Profile
Easy to
Install

S
S

+
S

+
S

+
S

+
-

S

S

-

S

S

S
S
S
S

+
S
-

+
S
-

+
S
-

+
S
S
-

S

+

+

+

+

S

-

+

-

+

B1

Total

0

0

1

0

1

Appendix B: Pugh Matrices (cont.)
1. Cadence Sensor

2. GPS Unit

3. Accelerometer

4. IR Laser Sensor

5. Pitot-Static Probe

Speed Sensor

Weight
Low Cost
Water resistant
Simplicity
Universality
Durable
Aesthetics
Small Profile
Easy to Install

S
S
S
S
S
S
S
S
S

+
+
+
+
+
S
+

S
+
+
S
+
S

S
S
S
S
S
S
S
S

+
+
-

Total

0

4

1

0

-5

B2

Appendix B: Pugh Matrices (cont.)

B3

Appendix C: Weighted Decision Matrix

C1

Appendix D: Gantt Chart

D1

Appendix D: Gantt Chart (cont.)

D2

Appendix D: Gantt Chart (cont.)

D3

Appendix D: Gantt Chart (cont.)

D4

Appendix E: Design Hazard Checklist
PDR Design Hazard Checklist
Y

F11 MTB DAQ

N


1. Will any part of the design create hazardous revolving, reciprocating, running,
shearing, punching, pressing, squeezing, drawing, cutting, rolling, mixing or
similar action, including pinch points and sheer points?
2. Can any part of the design undergo high accelerations/decelerations?



3. Will the system have any large moving masses or large forces?




4. Will the system produce a projectile?



5. Would it be possible for the system to fall under gravity creating injury?



6. Will a user be exposed to overhanging weights as part of the design?



7. Will the system have any sharp edges?



8. Will any part of the electrical systems not be grounded?



9. Will there be any large batteries or electrical voltage in the system above 40 V?
10. Will there be any stored energy in the system such as batteries, flywheels,
hanging weights or pressurized fluids?





11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of
the system?
12. Will the user of the design be required to exert any abnormal effort or physical
posture during the use of the design?



13. Will there be any materials known to be hazardous to humans involved in
either the design or the manufacturing of the design?





14. Can the system generate high levels of noise?
15. Will the device/system be exposed to extreme environmental conditions such
as fog, humidity, cold, high temperatures, etc.?




16. Is it possible for the system to be used in an unsafe manner?



17. Will there be any other potential hazards not listed above? If yes, please
explain on the reverse.

E1

Appendix E: Design Hazard Checklist
Description of Hazard
The design will undergo
high accelerations based on
the way the user of the
design rides the bike the
design is attached to.

Planned Corrective Action
When testing, we will have an
experienced rider wear safety protection
while being mindful of riding the bike
safely.

Planned Actual
Date
Date
11/20/2021

When testing, we will spectate the rider
from a safe place. We will have a
specified segment the rider will take
when testing, allowing us to know the
path the rider will take.

11/20/2021

There is currently a battery
within the main DAQ
system.

Currently, this hazard is low-risk due to
the housing of the main DAQ providing
protection from the electrical
components.

11/20/2021

The user will have to be
riding a mounting bike to
use this design.

There will be a cautionary notice before
the use of the device listing this hazard.
Since this hazard is not affected by our
design, this is the most we can do

1/11/2022

The system itself will not
be large in mass, but it is
attached to a bike that will
be moving fast. A fastmoving bike can be a
hazard to spectators.

The manufacturing process
will include PCB rework.
There are hazards with the
tools used such as a solder.

The people manufacturing will be trained
in safety precautions before operating the
tools.

E2

1/19/2022

The device will be used in
various environments.

The sensors and the main DAQ unit will
be waterproofed for safer use.

E3

2/2/2022
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Abstract
This Critical Design Review (CDR) describes the current state of the ‘MTB Suspension Tuning
DAQ’ senior design project. This project aims to quantify the suspension settings of mountain
bikes (MTB) to improve the riding performance and reduce vibrational discomfort. A data
acquisition system (DAQ) will collect data during a ride, which will be analyzed after the fact to
suggest changes to the tuning parameters of the suspension. The CDR details the overall design
and operation of the system and justifies the design choices made. Further, the plans for
manufacturing and testing the verification prototype are laid out and explained.
Since the Preliminary Design Review, most of the progress has been on the electrical systems in
the DAQ. The new sensors were selected, and circuits were designed to integrate them into a
new iteration of the DAQ. Finally, a new PCB schematic was created, which will be sent off for
manufacturing after approval of this CDR. To go along with the electrical system, new code was
written to communicate with the new sensors. The next steps involve manufacturing the PCBs,
soldering on the electrical components, validating the prototype, and designing the tuning
algorithm.
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1. Introduction
In this CDR report, the full design of the Mountain Bike Data Acquisition System is
described. The purpose of the DAQ is to collect data during a mountain bike ride. This data will
then be processed to recommend tuning changes to improve the performance of the suspension in
reducing vibration and increasing bike speed.
Since PDR, many changes have been made to the electrical system of the DAQ, as well as
the firmware and the housings. The scope of our project now focuses on building a data acquisition
system to start collecting data and justifying our metrics. Section 2 (System Design) describes the
design in its entirety, and the way in which it will function. Section 3 (Design Justification)
explains why decisions were made about the new design. Section 4 (Manufacturing Plan) goes on
to explain how the verification prototype will be produced, from the procurement of materials to
the final assembly of created components. Finally, Section 5 (Design Verification Plan) continues
to describe how the prototype will be tested to verify that it meets our previously laid out
specifications.
After CDR, the remainder of the project will be spent creating the prototype, developing
the recommendation algorithm, and field testing. Due to issues with the provided DAQ this project
was based around, the scope of this project changed somewhat. Most of this quarter was spent
troubleshooting and redesigning the firmware and hardware of the DAQ system, rather than
focusing on the algorithm and figures of merit as planned. The Spring Quarter will be mostly spent
testing and tuning. As we test, we will be able to iterate and improve our algorithm until it
demonstrably improves the bike’s speed and comfort.
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2. System Design
The MTB DAQ System is a modular, portable system that is compatible with any bike a
person would ride off roads or on mountains. The system consists of one central unit and two
auxiliary sensor units that can be mounted in several different locations on a bike. By strapping on
the sensors and main unit and connecting them with cables, data can be collected with the press of
a button without impeding the user’s ability to ride their mountain bike down their favorite trail.
Our system can functionally be broken down into 6 subsystems:
1.
2.
3.
4.
5.
6.

Mount & Protect Unit
Power Unit
Interface with Rider
Collect Data
Store Data
Interpret Data

To mount our system components, sensors will be inserted into custom designed 3D printed
housings made of PLA, shown in Figure 1. The printed circuit board containing the sensor and
associated circuitry slides into a slot until the unit is fully enclosed and snug within the housing,
at which point the holes in the PCB align with holes in the housing and screws are inserted to fix
it in place. The angled outer surface opposite the screws provides two points of contact with the
fork housing and seat stay for each respective sensor.

Figure 1: Accelerometer CAD and Housing with Accelerometer PCB Inserted
The rear sensor on the seat stay contains an accelerometer only, while the front sensor on
the fork housing contains an accelerometer and a hall effect sensor. This component senses the
presence of the spoke magnet clipped to the front wheel and sends a signal when the magnetic
fields interact. This will record angular speed of the wheel and, with the diameter of the wheel,
can be used to calculate the velocity of the bike assuming a no slip condition between the wheel
and ground. These accelerometer positions can be seen in Figure 2.
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Figure 2: Accelerometers Positioned at the Fork and Seat-stay Respectively
As shown in Figure 3, The main unit is mounted to the center of the bike frame with two
screws fastening the housing to the water bottle bosses. This unit contains the main board with
accelerometer and gyroscope, microcontroller, ethernet ports, Micro SD card slot, and USB Mini
B port for charging. It also contains a connected User Interface board with LED indicators, record
button, and display screen. Additionally, 5 batteries are connected in parallel to supply power to
the unit. Specifications for all electronic components can be found in Appendix A.

Figure 3: Mounted Main DAQ System on Bike Frame
During operation, the rider flips the power switch to turn on the main unit and then holds
the bike still on flat ground while the accelerometers calibrate so their biases can be calculated.
Once the rider is ready, they press the record button to begin data collection, which increments the
3

log count on the display screen, creates a new file on the SD card, and lights up an LED to indicate
recording is in progress. All 3 accelerometers, the gyroscope, and the hall effect sensor then start
sending data through ethernet cables and PCB traces back to the microcontroller in the main unit,
which sends this data to the SD card to store in memory. The system will continue to collect data
until the record button is pressed again, at which point the file will be closed and the LED will turn
off.
Once the data is collected and stored on the SD card, it is later processed on a PC with
MATLAB using metrics that will be developed by this team next quarter.
Firmware
All code responsible for running the program used for data collection during operation was
written in MicroPython. The communication protocol used is SPI for all accelerometers and the
hall effect sensor because of their high data output rate, while the gyroscope will necessarily use
its manufacturer configured I2C protocol to send data back to the microcontroller. Using a FIFO
buffer for all sensor data, the MCU will write the data to the SD card using SDIO where it will be
stored in a binary format to save memory.
Cost and Budget
In Table 1 below, the costs associated with each category of component is listed, along
with estimated shipping and tax costs, for two verification prototypes to be built, as requested by
our sponsor. A more specific breakdown of the project budget can be seen in Appendix B.1.
Table 1. Project Cost and Budget
Syst em

Com ponen t
Housings

Cost
$12.00

Housings

Electronics

Housing Straps

$16.50

Sensors

$44.00

Electrical Components

$4.00

Update PCBS

$88.00

Mounting Hardware

$5.00

Spoke M agnet

$10.00

M echanical

Shipping + Tax

-

$90.00

Tota l Cost

$269.50

Pr oject B u dget

$500.00

Fu n din g Left

$230.50

4

3. Design Justification
At the request of our sponsor, our designs for the sensor housings and system design are to
be created with the intent of collecting riding data, without the concerns for a product to be used
by other customers. Because of this, our design justification will be based on the specifications
needed to effectively collect data for metric testing, without the concerns of uncommon failure
modes that can occur when it is being used by a mass audience.

3.1 Housing Design Justification
With this in mind, we designed the sensor and main DAQ housings to be 3D printed with
PLA filament. Under normal operation, there will be no significant mechanical stresses applied to
the housings or system itself, so FEA and Stress analysis were not included in our analyses. Our
main failure modes would be that which affects the quality of data collection, rather than what
would affect the function of the system based on the use of a mass audience. The sensors we
selected are rated to have a large shock tolerance that can be shown from their respective datasheets
(Appendix A).
To justify our housing design in terms of the quality of data collection, we had to ensure
the housing would not slip during operation and the rubber pad wouldn’t dampen the accelerations
to a great extent. To ensure this, we subjected the accelerometers and housings to a shake table
test. Comparing both orientations, horizontal and vertical, as well as testing with and without the
rubber pads, we confirmed that the rubber pads add enough friction between the housings and the
frame to eliminate potential slip and does not dampen the accelerations to a significant effect.
These orientations can be seen in Figure 4.

Figure 4: Accelerometer Vertical and Horizontal Positions Respectively for Lab Testing
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Figure 5 shows the similarities between the accelerometers in a horizontal position, both
being subjected to 20hz on the shake table. The accelerometers show offsets that our team will
calibrate in future tests to make the data relevant.

Figure 5: Accelerometers in Vertical Position Subjected to 20Hz on the Shake Table
Currently, DAQ systems made for mountain bikes are similarly designed in the way they
mount their housings to the bike’s frame. Instead of the fastening band that our design implements,
other DAQ systems often used wire ties. The intended audience for the other DAQ systems is for
professional use, so they did not design them with the mass audience in consideration. Wire ties
are similar to our band design, except we incorporated a less permanent attachment due to the
constant testing we will have to do with our system.

3.2 Sensor Data Collection Justification
Similar to the housings, the way the sensors collect data is also a design that needs to be
justified. This design includes the MicroPython code used to drive the sensors and the sensor
selection itself. We did not have to design more code to drive the accelerometers because Steven
Waal’s version of the accelerometer driver works as is intended, collecting data at a rate of 1600Hz.
This was justified through multiple field tests and lab tests using the accelerometer to collect data.
The gyroscope was the new sensor added and was selected based on its output frequency
range and the fact that it is 3-axis. The specifications of the gyroscope are shown in Appendix A.
The gyroscope is collecting data at a slower rate than the accelerometers because the angular
velocity is not rapidly fluctuating. We planned to verify that our driver works with the selected
gyroscope by breadboarding it onto a Nucleo and collecting accurate data from it. However, due
to shipping problems we did not have the necessary components to complete this bench test and
will proceed with the test after this review. Although our system does not use a Nucleo as a
microprocessor, the code can be modified to fit our intended system and microcontroller.
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Continuing with the accelerometers, we tested in a range from 0hz to 1600hz to verify that
the given accelerometers were able to accurately collect and transmit data on files that we can
process through MATLAB. The following data is taken from the accelerometers in the horizontal
position at rest.

Figure 6: Accelerometer Data Taken at a Rest Position
As shown in Figure 6, the data displays the biases of both the accelerometers. Since both
tests were taken when the accelerometers were at rest, the magnitude of their accelerations should
be equal to 1g, however both accelerometers show biases in each axis. We will have to calibrate
the accelerometers in a perfectly horizontal position to ensure accurate data is being collected and
to make use of previous data taken.
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Figure 6. Hall Effect Sensor on Breadboard, Powered by STM32 Nucleo-L476RG Prototyping
Board [5]
A prototype circuit was also made to verify the function of the Hall effect sensor. For this,
we attached the sensor and all other components in the circuit to a solderable breadboard. The
output and ground pins were attached to a voltmeter, and a magnet was passed in front of the
sensor. As the magnet approached the sensor, the voltmeter read a value of 5V, and as the magnet
departed, the voltmeter read 0V. The sensor and circuit functioned the way we designed them to,
but not perfectly.

3.3 Safety, Maintenance and Repair Consideration
The safety of the user and the securement of the device is an important consideration that
our team took into consideration. The team reviewed the safety of the design by creating a Failure
Modes and Effects Analysis, which is attached in Appendix D. Using this process, our team can
determine how the design will fail, how these failures can affect the customers and the most critical
potential issues. Because our objective with our design is to create this DAQ solely as a testing
device, most of our failures will be software related and not affect the user’s safety.
Some safety precautions include the design of small form factors for the housings to ensure
no interference between the user’s path and the housings. There will be no exposed conductors
and wire ties are used to keep the ethernet cables attached to the bikes frame.
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In order to protect the device from potential damage, we added housings with a thickness
that is tolerable to potential crashes from riding the bike. These housings will protect the electronic
components from external damage, as the sensors are already tolerable to shock. Other protective
measures include a video demonstrating how to properly install the DAQ onto a mountain bike as
well as a written manual on how to operate the device, which will be available with the verification
prototype.
With our current design, there should be no need for maintenance within the system.
However, in the case that bugs and software problems occur, there will be well documented code
and documentation on the design of the DAQ system that the user can reference.

3.4 Unresolved Issues and Concerns
There are concerns related to the current DAQ design that we cannot ignore for future
iterations of the design. The power supply design to the DAQ is not the most efficient. Most of
our problems came from the insufficient power supply to the DAQ. The main board was designed
to have batteries connected in parallel to supply the power. This would cause the rechargeable
batteries life to drain faster than if it was powered by a singular battery. The power supply will
need to be altered in our final iteration of the board design.
We found several issues during the Hall Effect Sensor verification test. The first was the
proximity of the magnet to the sensor; the magnet had to be between 0.5 to 1 inch for the sensor
to toggle on. This obviously leads to issues with the mounting of the system, as it allows little
clearance for the spokes and sensor to pass by each other while still picking up velocity data. A
second issue was with our selection of a latch-type sensor. The sensor turns on with a positive
magnetic field and continues to stay there, only turning off again in the presence of an equal
negative magnetic field. This means the magnet must be oriented so both poles can be read, which
reduces the magnetic field’s strength at the sensor and lowers the range of the circuit. We could
also have a second magnet to turn off the sensor, but this is clearly not ideal either. We will
continue to test with the other type of Hall effect sensors, which only output the measured intensity
of a magnetic field, instead of latching on and staying there. While these issues exist, the
underlying concepts were proven to work by this testing. Further experimentation with the Hall
effect circuit will occur after CDR.
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4. Manufacturing Plan
The following section presents the manufacturing processes that will be required in order
to build the verification prototype. This includes the procurement of materials/components,
manufacturing of custom parts, outsourcing of part manufacturing, and lastly, the assembly
process.

4.1 Procurement
The manufacturing of materials and components consists of a variety of electrical
components, sensors, 3D printed parts, and mounting hardware. Ronan is the elected purchaser of
the components, however, the team and sponsor will hold component reviews prior to purchasing
to ensure the components are accurately selected.
The electrical components (resistors, capacitors, crystals, etc.) will be purchased through a
supplier called Digikey. With their wide variety of products, every electrical component can be
purchased through them. Prior to purchasing components, each manufacturer will be researched
to ensure the component is high quality.
The mechanical hardware will be purchased at a variety of suppliers. The OneUp straps
used to secure the sensor housings to the bike will be purchased directly through them on their
website. The spoke magnet that attaches to the rim will be purchased on the REI website. The
remaining mounting hardware (screws and bolts) will be purchased through McMaster.
The final iteration of 3D printing will take place in the ME Department using the Formlab
3+ printer. In order access this high-quality printer we will need to pay for a maintenance fee ($10)
and technician fee ($45). We have selected a specific Formlabs material called “Tough 200 Resin”
which will be purchased directly through Formlabs ($175). The product spec sheet supplied by
Formlabs can be found in the Appendix A.

4.2 Manufacturing
The fabrication of the updated main PCB and updated Accelerometer + Hall Effect PCB
will be manufactured by JLC PCB. This manufactured was selected based on their capability to
produce high quality boards with a very short turn around and low price. One of the team members
as well as Steven Wahl have used this manufacturer in the past and had good experiences with
JLC PCB as well.
As stated in section 4.1, our housings will be manufactured with a Formlabs 3+ printer.
The Formlabs 3+ printer uses Low Force Stereolithography (LFS) which is an advanced form of
SLA printing that uses a flexible tank and linear illumination to turn liquid resin into the desired
part. This print style was selected due to its excellent surface finish, part accuracy, and material
strength/stiffness, all of which will make a finished look product but at a lower cost. The printer is
located in the ME Department and we will be working with a shop technician to have the parts
properly printed.
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Lastly, the software development must be procured. The process of developing this code
includes Steven Wahl’s original code (modifying it for the new board pinouts) as well as utilizing
code from our ME 305 and 405 scripts for the gyroscope. Psuedo code has been developed for the
new sensors and the code can be validated using the nucleo/breakout boards during the
manufacturing process for the PCBs. This allows the team to stay on track during the 1–2-week
lead time for the PCB manufacturing.

4.3 Assembly
The surface mounting (SMT) of the components onto the board will be hand soldered by
the team. The team has prior experience with soldering of electrical components on PCBs and is
confident that components will be properly placed on the board. To ensure the boards are reliable,
a rigorous quality control (QC) plan will be put into place. This QC plan begins with in-circuit
testing using the designed access points in the board and comparing these values to Eagle
Simulations as well as hand-calculations.
If the hand assembly is not successful, JLC PCB has the capability to do so. Their outgoing
quality control (OQC) includes visual inspection, solder paste inspection (SPI,) x-ray inspection,
and automated optical inspection. Their capabilities are much greater than that of hand soldering
the components, however, their price to do so is another cost that could be avoided.
Once the PCBs have had all components soldered to the board, they will be mounted to the
housings. The OneUp straps will be put through the sensor housings, ready to be placed on the
bike. When the user is ready to collect the data, all that is necessary is to buckle down the sensors
and tighten the through bolts on main DAQ housing.
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5. Design Verification Plan
After completion of the verification prototype, we will need to identify if it meets all of our
design specifications. For a full table of specifications and testing, see the Design Verification Plan
in Appendix E.
Size — Main Hub and Peripheral Housings
The physical dimensions of the system are very important to its function, as they should
not interfere with the rider’s ability to operate the bicycle. We selected a maximum size for the
hub of 12.5 cm long, 7.5 cm wide, and 2.5 cm thick. For the sensor housings, we want a maximum
of 4 cm for length, width, and thickness. Measuring these will simply involve using a ruler or
calipers to find each dimension.
Weight
Since the DAQ is targeted towards competitive riders, minimizing the weight of the entire
system is crucial. More weight translates to a slower ride and more effort to ride the bike. Our
specification for the entire system is a maximum mass of 500g, which weighs roughly 1.1 lbf.
Testing the weight of the system will only require a weight scale, and it does not need to be
particularly precise.
Cost
To differentiate from similar products, keeping our product affordable was a key focus. We
want our entire system to cost less than $150. While the current prototype design will be made of
the more expensive Formlabs resin, the final version would be made of a cheaper, more massproducible material and process. We will be able to calculate this directly from our budget. See
Appendix B for the entire budget.
Battery Life
The system should be able to operate on a single charge long enough for the rider to get in
a day’s worth of rides. The DAQ will mainly be used on downhill portions of trails, which makes
up a fraction of the entire ride duration. We specified a minimum battery life of one hour. We can
estimate the battery life by measuring the current consumed by the device using a multimeter. The
battery operates at a (near) fixed voltage and multiplying by current gives the wattage of the device.
Battery capacity is given in Watt-hours, which we can divide by the wattage to find roughly how
long the batteries will last.
Ingress Protection
While riding, the DAQ will experience somewhat harsh environmental conditions. We
defined an ingress protection level of IP54. This means that the system is protected against dust
interfering with the DAQ’s functionality. It also means that the system will be able to withstand
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splashes of water. We chose these specifications because they represent actual conditions that the
DAQ might reasonably go through during operation.
To test the ingress protection specification, we will first remove the internal electronics
from the DAQ and replace them with paper. Then we will splash the system with water and dust
and observe if the paper is wet or any dust entered. If the inside is dry and dust-free, the test is
successful.
Foolproof Operation
The system should not be complicated to operate. We will give the verification prototype
to various “customers” and provide them with basic operation instructions. If they run into any
issues with how to use the DAQ, this will count as an unsuccessful test.
Maximum Recording Storage
The system needs to have enough storage to contain data from multiple rides. We decided
on a minimum of 8 gigabytes, which corresponded to well over 20 hours of recording time. Testing
this specification will only require examining the SD card used for data storage.
Mounting Universality
The DAQ is not specific to any model of bike and should be able to fit across a range of
frame geometries. We will test the system’s universality by trying to mount it on a multitude of
bicycles. We can find a variety of bikes either through a biking-related club, a bike shop, or
individual personal bikes.
Aesthetics
The appearance of the DAQ system should be attractive to potential customers. This is a
subjective criterion which we can test by surveying potential customers. If over 80% of those
surveyed agree that the system is visually appealing, this specification is considered met.
Suspension Tuning Recommendation
The overall purpose of this product is to produce suspension tuning recommendations
which increase the bike’s performance. To test this, we will ride the bike on a trail with the
suspension tuned randomly. After riding, we will adjust the suspension based on the DAQ’s
recommendation and test again. We can run this test at different ‘untuned’ configurations to ensure
the system works for a range of test cases. If the average speed increase of the bike is 5% or more,
this specification will be marked a success.

5.1 Uncertainty Analysis
To ensure the validity of our data, we will need to estimate the uncertainty of the sensors.
We will not need the data to be extremely precise in our application, as the vibrations and rotations
are going to have high nominal values. The uncertainty of the sensors will likely be negligible
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compared to our data. However, we will still analyze the uncertainty of the sensors to be sure any
variation in data not attributed to actual vibrations is not significant.
MEMS devices, including the accelerometers and gyroscope in our system, have many
sources of error. These are listed on the manufacturer’s datasheets, along with typical values of
uncertainty for each source of error. Error arises from the construction of the devices, as well as
from noise, misalignment, and offset due to temperature.
From the datasheets, the estimated maximum uncertainty of the accelerometers and
gyroscope were calculated. The conditions were assumed to be stationary with one axis oriented
perpendicular to gravity, and at 25℃, the defined ambient temperature for both manufacturers.
Uncertainty was also calculated for every angle to be measured in this calibration test. If the
uncertainty at zero is sufficient to characterize the entire range of data, we may use the zero data
point to calibrate the system as needed. These calculations can be seen in Appendix C. To compare
against these uncertainties, we will take measurements with the devices at different known angles
over a period of time. The devices will not be moving, allowing us to examine the fluctuations in
readings. This will be compared against the estimated maximum uncertainty at zero. This will give
us a basic idea of how the devices are performing, and if they meet the expected uncertainty
specifications.
A full description of the test procedures is laid out in Appendix I.
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6. Conclusions
This report documents and presents our progress towards completing the MTB DAQ
system. Our team has encountered difficulties with getting the previous design of the data
acquisition system to work properly over the past few weeks, making the verification of working
sensors and circuit design our team’s focus for our structural prototype. Our team verified the
collection of accelerometer data through the shake table test and found a potential bias in both
accelerometers. The hall effect sensor was tested for usable range and verified circuit design. The
gyroscope was unable to be tested due to shipping problems, so the bench test to verify data
collection could not be performed.
The next steps include analyzing the lab test data to calibrate the sensors and eliminate the
biases, installing the gyroscope to our designed circuit and verify its data collection, and to
complete the design of the Main DAQ PCB. With the permission of our sponsor, we will commit
to our purchasing, building and test plans.
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Appendix B.1 Project Budget
Vendor
(name,
website,
phone, or fax)

Product Name (paste the
exact product title, include all
text)

Part Number

Qty

Digikey

MPU-3050

1428-1001-1-ND - Cut Tape (CT)

2

$

8.26

$

Digikey

APS12205LUAA

620-1964-ND
1908LP402535JU+PCM+2WIRES50MMND

2

$

0.98

$

8

$

9.49

1528-1838-ND

2

$

Digikey
Digikey
Arrow
Jenson USA
My Bike Shop

LP402535JU+PCM+2
WIRES 50MM
BATTERY LITHIUM 3.7V
1.2AH
Accelerometer Triple ±200g
2.5V/3.3V 14-Pin LGA T/R
ONEUP COMPONENTS
EDC GEAR STRAP
MSW Universal Speed Sensor
Spoke Magnet

ADXL375BCCZ-RL7
TL186J05
EC3311

Design Location

Payment

Date
Purchased

Currently
Located

16.52

Main DAQ

Reimburse

2/3/2022

In Hand

1.96

Fork Sensor

Reimburse

2/3/2022

In Hand

$

75.92

Main DAQ

Reimburse

2/3/2022

In Hand

9.95

$

19.90

Reimburse

2/3/2022

In Hand

2

$ 11.24

$

22.48

Main DAQ
Main
DAQ/Front/Rear

Reimburse

2/3/2022

In Hand

2

$ 16.50

$

33.00

Fork/Rear Sensor

Reimburse

2/3/2022

In Hand

2

$

5.00

$

10.00

Front Wheel Spoke

Reimburse

2/3/2022

In Hand

Price/Ea

Total

JLC PCB

Sensor PCB

Custom

2

-

$

34.00

Fork Sensor

Reimburse

JLC PCB

Main DAQ PCB

Custom

2

-

$

54.00

Main DAQ

Reimburse

FormLabs

Housings

Custom

4

-

$ 100.00

Main DAQ/Sensors

Reimburse

Shipping/Handling/Tax

$

97.00

Total

$ 464.78

Project Budget

$ 500.00

Budget Remaining

$

xi

35.22

Appendix B.2: Bill of Materials
MTB DAQ
Assy Level

Part Number
Lvl0

0
1
2
2
2
3
3
3

2
3
3
4
4
2
3
3
1

100000
110000
111000
111100
111400
111410
111420
111430

111600
111610
111620
111621
111622
111700
111710
111720
120000
TL186J05

1
1
1

207107
130000
Total Parts

Descriptive Part Name
Lvl1 Lvl2
Lvl3

Final Assy

Main DAQ
Housing
PCB

Cables
Rear Sensor
Housing

Indented Bill of Material (iBOM)
Qty
Part Cost
Lvl
4

Source

URL

----------custom
McMaster
-----custom
McMaster
McMaster

More Info

1
1

$
$

1.50
0.59

Gyroscope
Accelerometer
Nucleo
RJ45 Ports
Batteries

1
1
1

$
$
$

1.50
2.15
0.30

Ethernet Cables

2

$

0.35

1
1

$
$

1.50
0.50

1
1
1

$
$
$

7.00
2.50
1.50

1

$

16.50

Oneup

Link

OTS

1

$
$

0.98
10.40

DigiKey
REI

Link
Link

OTS
OTS

4
19

$
$

0.72
47.99

Home Depot

Bolts

Strap
Screws
Accelerometer
PCB
Front Sensor
Housing
Strap
Screws
Accelerometer
Hall effect sensor
Spoke magnet
PCB

Maintanence
item 45792A
vac-formed PET
item 98725
item 48005

4

1

xii

-----McMaster
-----custom
Bearing Inc.
-----custom
Bendix
custom

item 48250
mold in ABS
item 27-100
machined aluminum
item US259874
mold in ABS

#3-1/2-in

Appendix C. Uncertainty Propagation

Fig. Uncertainty estimation for stationary accelerometer, with axis oriented along 0g axis,
at ambient temperature (25 ℃). Uncertainty values from manufacturer’s datasheet [Appendix A].
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Fig. Uncertainty estimation for stationary accelerometer at ambient temperature (25 ℃).
Uncertainty values from manufacturer’s datasheet [Appendix A].
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Appendix H. Design Hazard Checklist
CDR Design Hazard Checklist
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F11 MTB DAQ

1. Will any part of the design create hazardous revolving, reciprocating, running,
shearing, punching, pressing, squeezing, drawing, cutting, rolling, mixing or similar
action, including pinch points and sheer points?
2. Can any part of the design undergo high accelerations/decelerations?
3. Will the system have any large moving masses or large forces?
4. Will the system produce a projectile?
5. Would it be possible for the system to fall under gravity creating injury?
6. Will a user be exposed to overhanging weights as part of the design?
7. Will the system have any sharp edges?
8. Will any part of the electrical systems not be grounded?
9. Will there be any large batteries or electrical voltage in the system above 40 V?
10. Will there be any stored energy in the system such as batteries, flywheels,
hanging weights or pressurized fluids?
11. Will there be any explosive or flammable liquids, gases, or dust fuel as part of
the system?
12. Will the user of the design be required to exert any abnormal effort or physical
posture during the use of the design?
13. Will there be any materials known to be hazardous to humans involved in either
the design or the manufacturing of the design?
14. Can the system generate high levels of noise?
15. Will the device/system be exposed to extreme environmental conditions such as
fog, humidity, cold, high temperatures, etc.?
16. Is it possible for the system to be used in an unsafe manner?
17. Will there be any other potential hazards not listed above? If yes, please explain
on the reverse.

xxi

Description of Hazard

Planned Corrective Action

The design will undergo
high accelerations based on
the way the user of the
design rides the bike the
design is attached to.

When testing, we will have an
experienced rider wear safety protection
while being mindful of riding the bike
safely.

Planned
Date
11/20/2021

Actual
Date
11/20/2021

When testing, we will spectate the rider 4/08/2022
The system itself will not be from a safe place. We will have a
large in mass, but it is
specified segment the rider will take
attached to a bike that will when testing, allowing us to know the
be moving fast. A fastpath the rider will take.
moving bike can be a hazard
to spectators.

Currently, this hazard is low-risk due to 11/20/2021
There is currently a battery the housing of the main DAQ providing
within the main DAQ
protection from the electrical
system.
components.

The user will have to be
riding a mounting bike to
use this design.

11/20/2021

There will be a cautionary notice before 1/11/2022
the use of the device listing this hazard.
Since this hazard is not affected by our
design, this is the most we can do

The manufacturing process The people manufacturing will be trained
will include PCB rework. in safety precautions before operating the
There are hazards with the tools.
tools used such as a solder.

xxii

2/19/2022

2/19/2022

Appendix I. Accelerometer Calibration Test Description
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1.

Design Updates

Since CDR, there have been three main design changes: utilize the original DAQ housing and
microprocessor, redesign the main hub printed circuit board (PCB), and an updated auxiliary
sensor housing for the addition of the hall effect sensor.
Utilizing the Original Microprocessor
Since CDR, the intent was to integrate a Renesas Electronics 176 Pin microprocessor in order to
have more pin connections that the original STMicroelectronics 64 Pin microprocessor. This
large increase in number of pins was not a team decision but was due there being a chip shortage.
After incorporating the Renesas Microprocessor into the electrical circuit design on Eagle, we
held a design review with Cal Poly professor and mechatronics expert, Charlie Refvem. During
the review, we learned that incorporating this microprocessor would lead us to more work than
we intended. To our advantage, Charlie had two spare microprocessors that were the exact same
as Steven Wahl had used with his design (STM32F205RGT6) and were able to just have enough
pins on the microprocessor to connect the additional sensors.
Redesigned Main PCB
With the original microprocessors in the hands of the team, we had to redesign the main PCB for
a second time. The Renesas microprocessor had a 25.5mmx25.5mm footprint so when we
changed back to the smaller STM microprocessor (10mm x 10mm) the original board form
factor was a possibility. By reorganizing components of original board design and adding the
new components for the additional sensors, we were able to maintain the same board size as the
original device. This allowed us to use the same main DAQ aluminum housing which saved the
team from having to perform design work on an updated housing. By using the original
microprocessor, we were also able to use the original firmware designed for the STM pinouts.
Updated Auxiliary Sensor Housing for Hall Effect
After the completion of the critical design review, the team still did not have a design for
incorporating the hall effect to the front wheel auxiliary sensor. Once the new boards were
manufactured, and we were able to start hand soldering the electrical components onto the
boards, we could measure the final dimensions of the hall effect in reference to the PCB. Figure
1 below shows a picture of the board for reference.
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Hall Effect Sensor

Figure 1. Auxiliary Sensor Board with Hall Effect
The Hall effect sensor is indicated by the red arrow. Since the sensor stands proud of the board
by 10mm, the team added a slot in the sensor housing to incorporate the sensor. Figure 2 shows a
screenshot of the final CAD model of the auxiliary sensor housing with an added slot for the hall
effect sensor.
Hall Effect Sensor Slot

Figure 2. Auxiliary Sensor Housing with Hall Effect Sensor Slot
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2.

Manufacturing

The following section discusses the manufacturing processes that was executed to complete the
verification prototype. The processes led to the development of the new data acquisition system.

2.1

Procurement

Our part procurement process was largely accomplished through purchasing from online vendors.
All surface mounted (SMT) electrical components that will be soldered to the PCBs, including
resistors, capacitors, batteries, switches, LEDs, and even the aluminum enclosure that houses the
main unit were purchased from Digikey. We chose this vendor because of their exceptional variety
and quantity of parts available, which is critical during supply shortages. We were able to save
money by buying in bulk and consolidating most of our components into one shipment. We
selected our components based on our system requirements and how compatible they are with the
previous version of the DAQ to minimize redesign efforts and potential errors.
We ordered our PCBs and the stencils that we used to apply solder paste to the boards from JLC
PCB because of their cheap costs, quick turnaround time, and reputation when it comes to quality
manufacturing.

2.2

Outsourcing & Manufacturing

The outsourcing of our components begins with the manufacturing of the Main DAQ PCB,
Accelerometer + Hall Effect PCB, and Accelerometer only PCB. These 2-layer PCBs were
manufactured from JLC PCB. In conjunction with this order, we also requested to have stainless
steel PCB stencils manufactured. These stencils allowed us to skim solder paste onto the PCBs. A
zoomed in picture of the main stencil is shown in Figure 3.

Figure 3. Main DAQ Stencil close up
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In order to have these PCBs and Stencils manufactured, we submitted the necessary Gerber files
to JLC. Gerber files describe the layout and properties of the PCB as defined by our CAD model.
Below are pictures of the four different boards manufactured by JLC.

Figure 4. Front of Main DAQ PCB

Figure 5. Back of Main DAQ PCB
4

Figure 6. User Interface PCB
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Figure 7. Auxiliary Sensor Boards PCB
In addition to manufacturing the PCBs, we needed to produce more housings for the components.
For the main DAQ unit, we purchased an aluminum enclosure (see Figure 8). This enclosure had
to be modified in two ways. The faceplate needed to have holes cut out for the LEDs, display, and
bolt holes. Second, the side panels will be 3D printed to allow the cables and SD card to be inserted.

Figure 8. Blank Aluminum Enclosure for Main DAQ Unit
In order to machine the faceplate, we 3D printed a stencil showing all the features we needed to
cut into it. This was placed over the faceplate and drilled through for the circular holes. The square
display hole was traced through the stencil, and then the corners were drilled out and the sides cut
with an angle grinder. Finally, the corners and sharp edges were cleaned up with files. The stencil
is shown in Figure 9, followed by the machined faceplate in Figure 10.
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Figure 9. DAQ Housing Faceplate with 3D-Printed Manufacturing Stencil

Figure 10. Machined Faceplate
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2.3

Assembly

The assembly process for our system includes adding all the electronic components onto the PCB’s
making them effectively complete. To add all the SMT components to the PCB’s we simulated a
reflow soldering process using a hot plate in place of a reflow oven.
First, we oriented the stencils on top of the PCBs, making sure the slots were perfectly aligned
with the pads on the PCBs. Next, we applied solder paste to the top of the stencil slots, scraping
off the excess paste with a putty knife to ensure the paste was applied evenly.

Figure 11. Applying Solder Paste Using the Stencil
After the paste was applied, we removed the stencil carefully, without disturbing the paste applied
to the PCB. Then we placed all of the SMT components carefully atop of the solder paste.
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Figure 12. Placing all Components on the Applied Solder Paste
Using the hot plate, we simulated the reflow process by heating up the board and melting the solder
within the solder paste to create viable connections between our components and the board.

Figure 13. Using Hotplate to Simulate Reflow Oven
During this assembly process, we considered hand soldering all the components onto the boards,
however this posed a high risk. Hand soldering SMT components onto a board can be challenging
without the right equipment, and one mistake can make the entire board non-functional. Due to
these reasons, we decided to pursue other options first and leave this as a last resort. Next, we
planned to simulate the reflow process using a heat gun. This method is primarily used to rework
certain components on the board and would have been inefficient for our use as we are assembling
the entire board which consists of many components. Finally, without the use of a reflow oven, we
decided to use a hot plate. This would allow us to control the temperature of the entire board rather
than certain segments. Using a hot plate proved to be the most efficient method to assemble our
PCBs. Charlie Revfem assisted our team in applying the hot plate method for our PCB assembly.
With the hot plate, we attempted to follow the solder paste manufacturer’s provided thermal profile
[1]. We used this as an approximate goal since we didn’t have the sophisticated equipment required
to precisely control the board’s temperature.
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3.

Design Verification

The following section discusses the results of the testing conducted on the MTB DAQ
verification prototype. The original specifications designed during the SOW are revisited to
determine if the new device passed or failed. Then the limited metric testing is discussed to
answer whether the device can provide suspension tune feedback.

3.1

Specifications

Our team prepared multiple specifications that were important for our product’s design based on
our initial plan. However, as our team decided to prioritize the functionality and metric testing of
our system, many of these specifications were not able to be met. The following specifications are
referenced within the DVP&R Table in Appendix F.

Main Hub Size

We verified the Main Hub size using calipers. Since our new design of the main hub was not
altered from the original design, despite the additions of the new accelerometer and gyroscope
sensors, our Main Hub dimensions are within the scope of our specification, being around
5”x3”x1” in size.
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Sensor Housings Size

It is important that our sensor housings do not obstruct any of the bikes’ mechanical parts or the
user’s natural pathway when operating the mountain bike. With this in mind, our team decided to
keep the sensor’s housings limited to 1.5”x1.5”x1.5” if possible. Our final design was a sensor
housing that was 1.7”x1.2”x1.06”. Although these dimensions do not match our initial projection,
we determined that this size was sufficient for avoiding obstruction while also providing enough
protection for the sensors. These measurements were also conducted with calipers.

Weight

The weight of our entire system, including the main hub, two external sensors, housings and cables
were measured on a scale. The weight of the entire system is 685g. The weight specification
requires the whole system to be less than 500g. It is desirable to add as little weight as possible to
the mountain bike, as the system is meant to enhance the performance of the mountain bike. A
weight similar to that of a full water bottle was desired to justify its use for customers.

Cost

Our design team initially decided to limit the cost to produce this device to be less than $150. This
specification was decided on when our goal was to create a customer ready product. However,
since our scope has changed, the cost to produce the device is no longer relevant as most of the
cost comes from multiple shipping orders.

Battery Life

The battery life was tested during our metric testing. We set a time limit of at least one hour of
operation in our specifications for our design. This was set with the intention of it being used for
testing sessions that could last at least one hour with no available power sources nearby. Our team
was able to use it for a little over two hours while testing, having no problems with data corruption
from the device with low battery.

Ingress Protection

Due to the change in scope, ingress protection for our device was not designed or tested. Our main
device’s main purpose was to use for metric testing and would fail this test if it were performed
with our current design.

Foolproof

This test focused solely on the use of the Main DAQ system itself, not understand or postprocessing the data. Although our team believes it is important to be able to understand and postprocess the data to achieve results within testing, it is required to have previous knowledge with
the computing software MATLAB.

Maximum Recording Storage

This test solely relies on the SD card used. Since our design implements an external storage unit
(SD Card), the amount of data it can store is varied by the resources of the user. Our design does
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not have a fixed storage amount and easily exceeds or design specification of storing 8gb or more.
Our team used a 16gb SD card for our testing and had no problems with the memory being full.

Mounting Universality

This specification ensures the possibility of using the DAQ device on all types of full suspension
MTBs. Upon testing this specification, our team encountered an unexpected problem that resulted
in our design to fail this specification. While all MTB’s have a water bottle bosses that are standard
in spacing, the position of the water bottle bosses can vary. This resulted in our test to fail, as we
were unable to insert the ethernet cables into the Main Hub after attaching it to the MTB due to
the obstruction of the frame.

Aesthetics

This specification was also not able to be testing and lost its importance once we switched from
the primary goal of creating a customer ready product. Since the design of the new device was
primarily to test for metrics when optimizing suspension tuning settings, the aesthetics of the
design was no longer important and not within the scope of our project.

Suspension Tuning Recommendation

This specification is out of our project’s scope as we are primarily using the device to validate the
metrics used to create a suspension tuning recommendation. Our device will no longer give a
tuning recommendation itself and is not designed to perform that desired action. It will, however,
be used to collect data that can be used to interpret what settings to change based on our metric
testing.

3.2

Tests and Results

Metric Testing
Metric testing is the main test that evaluates the performance of the MTB DAQ. Since the overall
goal of the project is to quantitively provide suspension tune recommendations, we had to gather
as much data on different suspension settings. There are three suspension tune recommendations
the DAQ can provide feedback on; stiffness, compression damping, and rebound damping. As a
team, we concluded a proven suspension tune recommendation must be backed by large amounts
of data. This data was gathered while a rider rode the same trail on many different suspension tune
setups. This includes modifying each one of the settings individually as well as at the same time.
The validation of a tune would be based on speed and qualitative feedback. Speed meaning how
fast did the rider get from point A to point B. Qualitative feedback from the rider would be their
opinion on how it felt and what it was doing on the trail. With these two validation points, the
metric tested during these trails would hopefully backup the faster speed and better rider feedback
with some sort of sensor rates.
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The first tested metric was a fork handlebar transmissibility test. This test had one accelerometer
unit positioned on the handlebar and one accelerometer unit positioned on the fork lower. During
the first day of testing, we looked at different fork stiffnesses only. The fork used during this testing
was a Fox 38 with air pressures ranging from 80-100 psi with 5 psi intervals. This range of
pressures was decided on since the recommended pressure by fox was 90 psi for the rider. We
assumed that with this starting point recommendation, the fork stiffness would not be changed
more than ± 10 psi. The testing was performed on the first upper segment of Shooters on the Cuesta
Grade. This trail is roughly 1 minute long and features high speed flat corners, chattering sections,
and one small jump. The team collected 2 trials per fork stiffness, totaling up to 10 runs. For post
processing the data we first took the rms value of the fork and handlebar at a time step of 1ms.
This plot ended up showing no clear distinction run-to-run. We then increased this time step until
we could identify spikes or reductions in amplitudes. The final time step we arrived at was ~2 sec.
The 80 psi and 100 psi data are shown below in Figure 14.

Figure 14. Fork-Handlebar Transmissibility Plot of 80psi and 100psi Fork Stiffness
There were a few things to take away from this testing. First, we needed to identify when the trail
begins on the plots. This could be as simple as introducing a small feature at the beginning of trail
that should show a spike on the plot. Secondly, it seems that the fork-handlebar transmissibility
metric may not be the valid way to provide a suspension tune as we did not see dramatic changes
in the data collected.
The next session took place on May 31st, 2022 and looked at fork handlebar transmissibility again.
Max rode the bike during this set of runs. The suspension component being altered was rebound.
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We did 6 total runs, this time identifying the start of the trail by riding over a 2”x4” block to signify
a peak in the data. From there we could chop the data collection at the actual start and end of the
trail. Here is a plot of the transmissibility for the fastest rebound setting, lowest rebound setting,
and Fox Factory rider recommendation rebound (for Max’s rider weight).

Figure 15. Fork-Handlebar Transmissibility Plot of Slow, Middle, and Fast Rebounds
Figure 15 looks at the RMS values of the fork and handlebar accelerations, but the data was post
processed with a time step of ~1.2 seconds. By looking at the graph, we can see that there is a large
difference in transmissibility between different setups. Less intuitive, but the setting with the least
number of rebound clicks (slowest rebound) showed the largest transmissibly. We took the post
processing one step further and took the rms of these data sets with a time step of the entire length
of the trail. Figure 16 shows the results.

14

0.92
0.9

Transmissibilty

0.88
0.86
0.84
0.82
0.8
Faster Rebound
0.78

0

2

4

6
8
Rebound Clicks (CCW)

10

12

Figure 16. Transmissibility of Entire Run with Varying Rebound
From Figure 16, we can see that as the rebound setting in the front fork increases this
transmissibility metric decreases. The results of this testing are contradictory to the qualitative
feedback we recorded from Max. The optimal rebound for Max’s fork was 6 clicks and two clicks
in either direction felt very similar, but as the setting went in either direction the suspension started
to feel unstable. In the faster rebounds, the fork felt stiffer and had less traction, whereas the slower
rebounds felt too soft and still did not have traction. Our conclusion on the trend of decreasing
transmissibility with faster rebound settings is that with faster rebounds the accelerometer on the
fork lower was able to accelerate more. The equation below shows the transmissibility function
and the variables changing due to faster rebound.
𝑇𝑇𝑇𝑇𝑇𝑇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑦𝑦 =

𝑅𝑅𝑅𝑅𝑅𝑅(𝐻𝐻𝐻𝐻𝐻𝐻𝑑𝑑𝑙𝑙𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑙𝑙𝑒𝑒𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖)
𝑅𝑅𝑅𝑅𝑅𝑅(𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑙𝑙𝑒𝑒𝑟𝑟𝑎𝑎𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖)

Accelerometer Calibration Verification

Due to time constraints and hardware issues, this test did not end up being performed. The planned
procedures are laid out below for future groups who wish to perform such a test.
MEMS accelerometers have a certain amount of inaccuracy inherent to their design. That is, the
accelerations they read may not accurately reflect the true accelerations they undergo. To get an
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idea of how accurate our ADXL375 accelerometers are, we tested them with known accelerations
to compare the data to.
Providing a constant known acceleration to the sensors is a somewhat difficult task. Instead, we
used the known acceleration of gravity to get an idea of how the sensors perform. By positioning
the sensors at different known angles, we can compare the output of the sensors to the theoretical
value. To position the sensors, we created a fixture (Figure 17 below) with slots cut at different
angles. For each 15-degree increment, we averaged 30 seconds of data from each axis, and
compared them to the expected values. Finally, we took the average and standard deviation of the
error at each angle and calculated them to 99.7% uncertainty (3-sigma confidence interval).

Figure 17. Calibration verification fixture. Accelerometer board would be inserted into the
angular slots, cut at 15° intervals from 0° to 90°.
From this calculation, we would get an observed measurement error. This would be compared to
the expected measurement error, based on the accelerometer manufacturer’s posted uncertainties
and the uncertainty of the test rig.
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3.3

Challenges and Recommended Testing

Debugging and Troubleshooting
Identifying and solving problems with the original device proved to be a greater challenge for us
than we anticipated. Some issues, such as broken soldered connections for buttons, caused bugs
that were intermittent and sporadic. This unpredictable behavior made it harder to pinpoint the
problem. Another issue that took our team some time to identify and fix was an inadequate power
supply, which was probably a result of depleted batteries connected in parallel so that when they
were unequally charged after some use they would drain into each other, so they would discharge
faster than expected. Buying new batteries seemed to fix this issue, as well as disconnecting the
power circuit when not in use.

Procuring Materials and Components
Cal Poly has limited resources for PCB manufacturing and assembly, and electronic components
are in short supply globally. This made it difficult to buy replacement components and locate tools
and hardware on campus that we needed to use during assembly. There was also a learning curve
for our team, as no one had prior experience working with PCBs. Because of this, it took our team
longer than anticipated to put together our verification prototype. Charlie Refvem was a big
resource for our team and provided us with electronic components and tools we needed to assemble
the PCBs that we otherwise would not have had access to.

Metric Testing Challenges
Limited time and logistics, and isolating suspension effects were some of the challenges we faced
when testing the original device once it was up and running. We wanted to get realistic data with
our system, which meant riding an actual mountain bike trail segment repeatedly, as opposed to
some artificially constructed course closer to campus or home. To conduct this testing, we needed
to drive up to Cuesta Ridge, set up the bike and DAQ, and ride down a section of trail and pedal
back up for each run of data collection. This ended up taking 3+ hours for 10 runs just varying a
single suspension parameter, so it’s very time intensive. Once we have collected some data and
identified some trends, it is not always clear if the cause of the trend is due to the change in
suspension settings or something else, like the rider getting more comfortable on the trail and
taking a better line or becoming more tired and riding slower. There are many factors that affect
the end result. Additionally, there are many different methods to process the data, and it is not
always obvious how to analyze it to expose differences between runs and make sense of the
behavior.
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Recommendations for Testing
First and foremost, we recommend an abundance of testing to collect data on the effects of each
individual suspension parameter on the bike's behavior. Collecting a wealth of data with a variety
of settings, riders, bikes, and trails will help clarify trends in the data and isolate the effects from
specific inputs. It is helpful to have identifiable features that leave distinctive data points as it
makes it easier to compare results between runs. This can be difficult for certain trails, so choosing
a simple trail that can be ridden in around one minute would be optimal. This trail should have
different known significant features that can easily be identifiable when looking at the data. Also,
when starting the trial runs, implement something to roll over to indicate when you start the actual
trial run. This allows you to identify the start of each run through data processing rather than
quickly starting the trial right after you press the button.
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4.

Discussion and Recommendations

From this design project, we learned that root cause analysis and troubleshooting electronics
hardware is difficult and time consuming. When there are dozens of components in a few square
inches of circuit board and hundreds of lines of code, there are a multitude of potential underlying
causes that might be contributing to the buggy behavior. We also learned that designing and
assembling the PCBs takes painstaking time and effort as well as technical skills that we had not
practiced until we assembled our final prototype. This is a crucial step in the manufacturing process
because one faulty soldered connection can disrupt the functionality of the entire system.
To continue this design, we would fix the board design to add any missing traces and fix any
soldering mistakes with the existing components so that every sensor is fully functional. We would
also conduct more testing and collect as much data as possible to have more room for developing
metrics and identifying trends that result from suspension changes.
If we were to continue refining this design to meet the needs of the customer, we would make the
system more user friendly to set up and operate. Specifically, we would redesign the UI to include
a battery charge level indicator, move the record button to the handlebars for easier access, and
recess the power switch below the surface of the housing to prevent inadvertent switch flips. We
would also use batteries that are more standard and safer, such as 18650 cylinders, to avoid
connecting batteries of varying capacities in parallel. Furthermore, we would improve the housings
to eliminate openings to the interior that could allow dust and water to enter the same space as the
electronics and incorporate another mounting option for the central unit, so the rider does not have
to choose between bringing a water bottle or the DAQ on a ride. Finally, we would include
Bluetooth modules to transmit and receive data wirelessly, so the rider does not have to fidget with
messy ethernet cables and zip ties.
If we were to build this prototype again, we would outsource the assembly of the PCBs to
streamline the manufacturing process and minimize any soldering mistakes that could result from
tediously soldering by hand every component onto the board. We would also like to test the final
circuit with a bed of nails to detect voltages and currents at many different grid points to ensure
power and signals are being sent where they should be sent.
To produce a high volume of devices at a reasonable price and in a time efficient manner, we
would outsource the soldering/assembly process to a facility who specializes in PCB production
and has the means to mass produce high quality, reliable boards. We would also buy components
in bulk from suppliers to lower the price per component.
Our team recommends using this design to continue testing potential metrics that will lead to the
development of an algorithm that can be used to suggest optimal suspension tuning settings. Using
the User Manual in Appendix E, anybody should be able to use this design efficiently as our team
covers known bugs and issues with the device.

19

5.

Conclusion

In retrospect, this project was not the best fit for a Cal Poly Senior Design Project, given the
structure of the class and timeline of deliverables. The emphasis on problem definition and
ideation in the first quarter is better suited for teams starting a design from scratch, and we feel
that we could have achieved more of our goals if we had been able to test, troubleshoot, and
refine the existing design earlier in the year [2].
In the end, we were able to fully debug the original device and collect good data with a mountain
bike on the trail. We designed and built a partially functional data acquisition device, capable of
collecting data with our two auxiliary accelerometers. We also redesigned and manufactured
sensor housings that are more universally compatible with different bikes. Finally, we analyzed
data that we collected to start identifying trends and experiment with post-processing methods.
We did not achieve a fully functional device capable of collecting data from all three
accelerometers, the gyroscope, and the hall effect speed sensor. We also did not fully develop
and refine enough metrics to robustly process data and draw meaningful conclusions. We
attribute these shortcomings to our mismanagement of time at the beginning of the year, when
we should have been prioritizing testing and hardware troubleshooting. However, we feel that
another reason we failed to achieve these end goals is the ambitious scope of this multi-faceted
project. Considering the experience of our team coming into this project and the resources and
guidance available to us throughout the year, the mismatch between this project’s needs and the
course’s structure and requirements, and the miscommunication about critical flaws in the
original device, we feel we were not adequately prepared to successfully complete our goals that
we set in the beginning of the year.
If we were to do this project over again, we would refine our goals to focus on getting the
hardware and firmware right to build a fully functional data acquisition system from scratch. We
would only move on to metric testing, development, and data processing afterwards, or separate
this section into its own project entirely.
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Appendix
A - Main DAQ Python Code
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B - Gyroscope Driver Python Code
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B2

C - Data Processing MATLAB Code
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D - Converting Data MATLAB Code

D1
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E - User Manual
The following user manual provides instructions to operate the MTB DAQ as well as important
safety information. Read this section this prior to operation and see the troubleshooting section if
problems arise.

Operation of DAQ System
Flashing the Main DAQ (directly from Steven Waal’s Thesis)
The main board was designed based on the PYBv1.1 schematic. As a result, the firmware and
flashing instructions are the same as those for the PyBoard. The main board utilizes the device
firmware update (DFU) protocol that comes embedded with each STM32 microcontroller. DFU
mode allows for a simple way to update the firmware of an STM32 without requiring specialized
hardware. It was mainly designed for updating the firmware remotely on devices that have already
been released. To flash firmware to the board, use the following steps:
1. Make sure that a DFU utility program is installed on the computer that will be used to
flash the firmware. “dfu-util” is a free DFU utility program than runs in terminal. Install this
program via the package manager.
2. With the power to the board turned off, move the jumper on port JP1 from “JMP
STORE” position to the “DFU” position. This will tie the DFU pin of the microcontroller to 3.3V.
Figure 4.11 depicts these positions. When the board is powered on, the microcontroller will enter
DFU mode upon boot.
3. Connect to the board to a computer via USB.
4. Use the dfu-util commands to flash the firmware to the board. For more details on using
this software to flash the board, refer to.
5. Once the firmware has been loaded on, power off the board and return the jumper on
JP1 to the “JMP STORE” position. The main board runs off the standard released PYBv1.1 DFU
firmware files available on the Micropython website. At the time of this writing, the most current
version that worked with the main board was pybv11-20191220-v1.12.dfu. [Reference: Steven
Waal’s Thesis Defense]
Once the proper firmware has been loaded onto the board, the main board will appear as a standard
USB device when connected to the computer. At this point, the Micropython files outlined in
Section 4.5 can be loaded on to the board using a standard method for transferring files. Note that
when first loading on the files, make sure that there is no Micro SD card loaded in, as this will
appear instead of the USB device representing the microcontroller internal flash memory. It is
important to load the files onto the internal flash memory and not the Micro SD card. Once this
has been done, the MTB DAQ is ready for operation.
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Formatting the SD Card
The Micro SD card needs to be formatted according to the SD card association. In order to remove
old data, it is important to completely erase both the “log” and “count” folders and all of the
contents in them. These folders will be remade if they don’t already exist, and the proper files will
be generated upon the next power up of the main unit. If only the “log” file is deleted, the system
will continue counting based off of the “count.txt” file. The data will still be saved, and the proper
number will be displayed on the display of the system, but the numbering will not start over as
desired. Reformatting the Micro SD card is a good way to ensure that it is completely erased and
ready for a new testing session. [Reference: Steven Waal’s Thesis Defense]

Mounting the System
Attaching the MTB DAQ System is fast and easy to do with any bike you might be using.
The OneUp straps slide through the slots in both auxiliary sensor housings, and then they are
placed with the angled surface against the bike so that the strap wraps around the chain stay, fork
housing, or handlebars. It is important to place the cadence sensor on the fork housing, adjacent to
the magnet location on the spokes of the front wheel, so that the wheel speed may be measured if
desired. This sensor should be oriented with the cable port facing the handlebars so that the magnet
is in the range of the hall effect sensor.
The central unit mounts to the middle of the main frame, with bolts going through the designated
holes in the housing through the water bottle boss to secure the unit in place. Make sure the
faceplate with the display screen and indicator lights is face up and visible.
Finally, the ethernet cables plug in to each auxiliary sensor unit, connecting them to the central
unit. Any excess cable should be secured to the bike frame so that it does not interfere with the
rider’s motion. This will prevent injury to the rider and damage to the DAQ system.
Collecting the Data (directly from Steven Waal’s Thesis)
Before powering on the MTB DAQ, make sure both ADXL375 accelerometers are plugged in to
the main unit. The main unit configures the accelerometers upon startup and is not able to reconfigure after the power has been turned on. If the accelerometers are not plugged in before the
power is turned on, turn off the main unit, plug them in, and turn it back on.
The MTB DAQ is powered on and off via the power switch. Power status is indicated by the power
LED (green). Upon power up, the main unit will check for the presence of a Micro SD card. If no
Micro SD card is inserted, “SD” will flash continuously on the display. Once a Micro SD card is
inserted, “SD” will flash three more times until the main unit detects the card. Once the card has
successfully been detected, the display will show the number of the current data file stored on the
Micro SD card and the record LED (red) will turn off. If the Micro SD card has just been formatted,
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the display will show “0” indicating that no data has been logged. The MTB DAQ is now in
standby mode and ready to record data.
Data recording is started by pressing down on the record button. After the first press, the record
LED (red) will turn on and the display will increment the displayed number indicating that the
main unit is recording data. The number that is displayed during and after recording indicates the
number of the data file associated with that recording session. Pressing the record button a second
time will make the record LED (red) turn off indicating that the main unit is done recording. The
display will continue to show the number from that most recent recording session. The main unit
is immediately available for another recording session. When testing is finished, it is best to turn
the main unit off before removing the Micro SD card. [Reference: Steven Waal’s Thesis Defense]
Interpreting the Data
After collecting the data on the Micro SD card, the files on the card should be in the format ‘.bin’.
Download the MATLAB scripts named “Convert_ADXL375_Gyro_Data.m” and
“Accelerometer_Data_Testing.m” (Testing script). The first file is used to convert the
accelerometer, gyroscope, and hall effect data from binary to its intended values. The first file is a
function file, so it will be referenced when the testing script is run. To run the testing script, you
must first insert the file name that you wish to process in the line below,
For the transmissibility metric, our team added a post-processing segment to the testing script. The
post processing of the data includes turning the raw acceleration data into a total magnitude of
acceleration, not dependent on direction. Using the magnitudes, we find the total RMS of the entire
run and calculate the RMS at certain timesteps to make the Transmissibility plot easier to
understand. The timestep is changed based on a factor, which the user can manipulate to change
the timestep. The timestep is calculated to be (factor/1600) seconds. You can change the factor in
the line below,
The script will ultimately produce three transmissibility values for the entire run, one for each run
within the script and plots similar to Figure 13.

Troubleshooting and Known Issues
Our team’s project was a continuation of Steven Waal’s Master’s Thesis, in which he designed a
DAQ system consisting of only two external accelerometers. Our team worked off his design and
encountered many problems with his data acquisition system. The following are some of the
problems/bugs we encountered.
Battery Issues
Throughout our time working with Waal’s version of the DAQ, we encountered problems with
the battery design. The DAQ at times would not display the correct message upon bootup or
display no message at all. This could be due to the batteries being dead, even if it happens within
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a day or two of no use. Our team believes that the DAQ design is leaking power through one of
the connections, even when it is switched off. If this problem occurs, unplug the batteries from
the ports until you must use the DAQ again. This will keep the batteries charged and ready.
Accelerometer Issues
When operating the DAQ, at least one external accelerometer must be plugged in. The DAQ will
not function correctly if the accelerometer is not plugged in via an ethernet cable. The DAQ will
show it is recording, but the button will not be able to end the recording session.
Display Bugs
Sometimes, when starting a new recording session, the number on the display won’t change.
This is a common bug that happens, but it does not affect the file creation of the recording
session. If another recording session is created, the display will skip the number of the previous
recording and display the correct file number.
Reset Button
On the PCB of the main DAQ, there is a small black button labeled with the word ‘reset’.
Pressing this button does not restart the system, but instead clears all of the program files off of
the MCU. If this button is pressed, the device must be plugged into a computer with USB, and
the files copied back onto the device labeled ‘PybFlash’.
Soldered Connections
If issues not listed above are occurring, they may be the result of broken solder joints. We have
dealt with the display not working properly and identified the issue to be a broken solder joint in
the record button. This button is held in place by solder, and the force of pressing the button can
break the connection. Through visual inspection and voltmeter readings, the PCBs can be
analyzed to find these iss
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